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PREFACE 

TO THE FIRST EDITION. 

In this work the Author has endeavoured to place before 
his readers in an elementary form the facts and principles 
of the Science of ' Heat,' and also to give some of the 
most prominent practical applications of our knowledge of 
this subject. 

His object has been lo begin with the study of well- 
ascertained facts and to proceed onwards to general prin- 
ciples. Accordingly, the work has been divided into three 
parts ; the first of which embraces the study of the various 
effects produced by heat upon bodies. 

In this part many of the most recent investigations, as 
well as the apparatus used in conducting them, are described 
at length, while numerical examples are given, which, it is 
hoped, may enable the student to attain to the accuracy 
needful in physical research. 

The second division contains the laws which regulate the 
distribution of beat through space, and includes radiation, 
conduction, convection, and the measurements of specific 
and latent heat Theoretical views are here for the first 
time introduced. 

The third and last part relates to the nature of Heat, 
its sources, and coimexion with other properties of matter. 
In this part Heat is viewed as a kind of energy, and the 
leading principles by which Heat becomes related to other 
forms of enei^y are discussed. 1-, ^, , ChoqIi^ 
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It may be well to stale the basis on which the reason- 
ing of this part has been founded. It has appeared to 
the Author that the foundation which involves the smallest 
amount of assumption is ihat adopted by Professor Sir 
W. Thomson, namely the denial of the possibility of a 
perpetual motion of any kind, and it will be shewn in the 
sequel that the denial of one form of perpetual motion in- 
volves the principle of the 'conservation of. energy,' while 
the denial of another form involves the principle of the 
' dissipation of energy.' 

In our ignorance of the ultimate constltutbn of matter 
it would thus appear that both the 'conservation of energy' 
and the 'degradation or dissipation of enei^' should be 
viewed as principles having very strong claims to recogni- 
tion, and as increasing these claims every day by the new 
facts which their employment as instrumenta of research 
is constantly bringing to light. 

A few words with regard to the mode in which the sub- 
ject of temperature is viewed. Some eminent philosophers 
are of opinion that oiu' methods of subdividing a range 
of temperature are to a great extent arbitrary, so that 
provided we always adhere to the same method we shall 
not be led into error. 

Be this as it may, there can be no question that some 
methods of doing this are much more convenient than 
others; nay, even that one method, that by the air thermo- 
meter, enjoys such a pre-eminence of convenience that 
it may with propriety be termed the proper method of 
subdividing a range of temperature. 

Starting with the assumption that there is a proper method 
of measuring temperature, it is shewn near the beginning 
of this work that even if we are ignorant of this proper 
method there is yet an advantage in employing an air 
thermometer. This advantage consists in the fact that we 
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may use any permanent gas we choose for our air thermo- 
meter, and yet obtain results as nearly as may be identical 
with one another if all our instruments are read on the 
same principle; while, on the other hand, the indications 
of two thermometers filled with different liquids, and both 
gfraduated on the same principle, are not strictly comparable 
with each other. If we determine to prefer an air thermo- 
meter we stilt have to decide on what principle it ought 
to be read, and while this principle is indicated 'at the 
commencement of the work, the reasons in favour of its 
adoption are not fully discussed until the end. 

The Author cannot omit the opportunity of acknow- 
ledging his obligations to several sdentiflc friends for the 
suggestions and advice they have kindly given him; more 
especially is he indebted to the organizing Secretary of 
this Series of Works at Oxford for much valuable assist- 
ance throughout the book. 



PREFACE" TO THE SECOND EDITION. 

In this edition the Author has noticed those discoveries 
connected with ' Heat ' "which have taken place since his 
first edition was published. He has also added to the 
problems at the end of the volume by introducing Sir W. 
Thomson's applications of the dynamical theory of ' Heat ' 
to the establishment of relations between the physical pro- 
perties of bodies. 

He takes the opportunity of acknowledging his obliga- 
tions to various scientific friends, and more especially lo 
the Rev. Professor Price of Oxford, for many suggestions 
while the edition was passing through the Press. oiiqIc 
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PREFACE TO THE THIRD EDITION. 

In this edition the Author has noticed those discoveries 
connected with ' Heat ' which have taken place since his 
second edition was published. He has also added to the 
problems at the end of the volume by introducing, in 
addition to those already given, articles on ' The Molecular 
Theory of Gases,' ' The Connexion between the two Elas- 
ticities and the two Specific Heats,' ' The Velocity of Sound,' 
and ' Graphical Representations of Physical Laws.' 



PREFACE TO. THE FOURTH EDITION. 

In this edition the Author has noticed those discoveries 
connected with ' Heat,' which have taken place since his 
third edition was published. 

He has also added a discussion regarding spectrum 
analysis and the likelihood that it may throw light on the 
ultimate constitution of matter. 



PREFATORY NOTE TO THE FIFTH EDITION. 

At the request of Mrs. Stewart I undertook to read the 
proofs of this new edition of her late husband's well-known 
and excellent Treatise. 

I found, however, that there was but little to do. Prof. 
Balfour Stewart had himself given imprimatur to all but the 
last six sheets; and for these I was furnished with 'copy' 
(excepting four pages) fully revised and initialed by him. 

The book is published, therefore, precisely in the form in 
which its author intended tt to appear. 

P. G. TAIT. 
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INTRODUCTION. 



1. The word ' Heat ' is used in the following treatise to 
denote that agent which produces a certain welUknown 
sensation when applied to the human body. 

2. But this sensation, while so familiar to us that every 
one must immediately recognise what agent is meant when 
the term Heat is used, is yet not sufficiently definite or 
constant to afford us the means of accurately measuring 
the amount of heat which a body possesses. The same 
substance may at the same time appear warm to one indi- 
vidual and cold to another ; nay, it may even be pronounced 
warm by one of our hands and cold by the other. Our 
judgment with regard to the amount of heat possessed by 
the substance in question is thus found to depend upon 
the state of our bodies, and as this changes from time to 
time we cannot make use of our sensations as a means of 
measuring heat 

8. In the study of this subject it is thus of primary 
importance to become acquainted with some instnmient by 
the aid of which the state of bodies with regard to heat may 
be accurately determined. The Thermometer fulfils this 
requirement, and a description of it will therefore form the 
commencement of this treatise. ,. . CooqIc 
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4. When the Thermometer has been described, the various 

effects produced in bodies by the presence of heat may next 
with advantage be studied. Such effects are change of 
volume ; of condition ; of hardness ; chemical change ; with 
other effects which will afterwards be mentioned. 

6. The laws which regulate the distribution of heat will 
next be considered, and under this head it will be necessary 
to recognise two distinct modes of conveyance of this agent 
from one body to another. Every one is familiar with the 
fact that the contact of a cold body with a hot one, whether 
solid, liquid, or gaseous, will cause the latter to part with 
some of its heat. But this is not the only way by which 
heat may reach us ; for we derive a very considerable amount 
from the sun, although this luminary is at a great distance 
from the earth, while the intervening space does not contain 
that gross form of matter which serves to convey heat by 
contact. 

We are thus taught that a hot body parts with its heat 

(i) By contact with a cdd body ; 

(2) By radiation through space. 
And we believe, moreover, that radiant heat traverses 
space with the enormous velocity of 186,000 miles per 
second. 

6. We have thus the means of making a very convenient 
and easily perceived classification of the modes in which 
Heat exhibits itself to us. 

There is, in the first place, what we may call absorbed 
heal, which resides in a hot body, and often remains in it 
for a considerable time ; and we have, in the next place, 
radiant heal, which is heat in the act of pas^ng through 
space with a very great velocity. 

7. In treating of the laws which regulate the distribution 
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of heat this distinction maj' with propriety be observed, and 
thiB part of the subject will thus divide itseir into two. It 
ivill be desirable to consider, in the first place, radiant heat 
— its nature, and the laws regulating; its distribution; and 
then to consider the laws regulating the distribution of 
absorbed heat, while under this last heading the capacity 
of bodies for heat will be discussed. 

8. In treating of radiant beat theoretical views will for 
the first time be introduced. It is well known that there 
have been two distinct theories regarding the nature of 
Heat. In one of these it is viewed as a substance which 
insinuates itself between the particles of a hot body, while 
in the other it is regarded as a kind of motion taking 
place amongst these particles. Such views could not well 
be introduced at an earlier stage of the work, since the 
more prominent effects of heat upon bodies form a set 
of phenomena that are capable of being explained toler- 
ably well by either hypothesis. They are therefore some- 
what unsuitable as tests of a theory, while, on the other 
hand, they are of extreme importance as facts. But the 
study of radiant heat enables us to pronounce with a near 
approach to certainty that this influence is not a sub- 
stance ejected from a hot body, but a kind of undulatory 
motion transmitted by means of a medium pervading all 
space. 

8. It would appear to follow, as a corollary from this, 
that ordinary heat into which radiant heat is transformed 
when absorbed must also imply a kind of motion, and this 
view win be abundantly confirmed in the next part of the 
subject, where the various sources of heat will be treated of, 
and the nature of this agent as well as its connexion with 
other prop>erties of matter fully discussed. 

10. Lasdy, this treatise will contain throughout notices 
of some of the most important practical applicadons of the 
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laws of Heat, and also of certain terrestrial and costnical 
adaptations in which these laws play a very important part. 

In former Treatises on Heat the tenn Caloric is frequently 
used; here it is avoided as much as possible, because it baa 
come to be associated with that theory which regards heat as 
a substance and not aa a kind of energy due to molecular 
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BOOK I. 

EFFECTS -OF HEAT OPON BODIES. 

CHAPTER I. 
Temperature, and Us nuamremmt iy Thermometers. 

DspiNrnoN of Tkhfkbaturb. 

IL Ths temperature of a body may be defined to be its 
state vith respect to sensible heat. Whefl the amount of 
sensible heat in a body increases, its temperature is said 
to rise; and when this diminishes, its temperature is said 
to fall. It is expedient to discuss at the outset certain 
fundamental principles which underlie all measurements of 
temperature. 

12. If there be two substances, as for instance water and 
mercury, in such a condition that when brought intimately 
into contact with one another and shaken together neither 
of them changes its state wiih respect to heat, then these 
two bodies may be said to be in a state of equiUbrium of 
temperattire with each other. Suppose now that the mercury 
is in a similar state with respect to a third substance, oil. 
We have thus the water in equilibrium of temperature with 
the mercury and the mercury in equilibrium of temperature 
with the oil. Now we know, as the result of eiperience, that 
we shall also have the water in equilibrium of temperature 
with the oil. In fine, if a series of bodies be in equilibrium 
of temperature with each other in any one order they will be 
so in any other order ; and no matter how they are brought 
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together or mixed up with one another, they will always 
retain unchanged their state with respect to heat All such 
bodies are said to be of the same temperature. 

But if when the water and the mercury are brought to- 
gether the water parts with some of its heat to the mercury, 
then it is said to be of a higher temperature than the 
mercury; and if, on the other hand, the water receives 
heat from the mercury, then it is said to be of a lower 
temperature than the mercury. 

13. It will be inferred from what we have said that if two 
bodies of different temperature be intimately associated with 
one another they will both at length attain one common 
temperature. 

Let us now suppose that we have a large mass of liquid 
whose temperature we wish to measure by means of a 
thermometer. Strictly speaking, when the thermometer and 
the liquid are brought intimately together, an intermediate 
common temperature will be attained, but if the mass of the 
liquid be very much greater than that of the thermometer 
the former will not be appreciably changed in temperature 
by the immersion in it of the latter, and the result will be 
that the thermometer will denote with sufficient accuracy the 
temperature of the liquid — only it is necessary that this in- 
strument be very small. But if the temperature of the liquid 
be kept constantly recruited by some natural process, as for 
instance that of boiling, the thermometer will in such a case, 
whatever be its size, at length attain the temperature of the 
boiling liquid in which it is immersed ; but a small thermo- 
meter will attain this temperature sooner than a large one. 

14. Bequirementa to be fliimied by a good Thermo- 
meter, Having stated these facts, let us now point out the 
requirements which an instrument for measuring temperature 
may be expected to fulfil, ist, it ought to be of small size 
and easily portable, ^nd, it ought always to give the same 
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indication for the same temperature, or be capable of doing 
so by a simple correction. 3rd, it ought to do something 
more than merely denote that one body is hotter or colder 
than another, it ought to measure the diEEerence of tempera- 
ture. For the difference between two temperatures, such 
as the freezing and the boiling points of water, is one which 
we conceive to be capable of accurate subdivision into any 
number of equal parts, which form as Jt were successive equal 
steps by which we may mount from the lower to the higher 
temperature. This last requirement is the most difficult one, 
for it implies not only a knowledge of the s^nt Heat, but 
also of the changes which it produces upon bodies, since we 
must evidently make use of some one of these changes in the 
construction of our instrument forineasuiing temperature. 

While a mercurial thermometer may probably be so made 
as to fulfil the first and second of these requirements, it is 
an air thermometer which will best satisfy the third ; hut the 
reasons which lead us to suppose that this instrument gives 
us the means of measuring temperature with great accuracy 
cannot well be discussed at the outset of this work. These 
will be given hereafter : in the meantime, let us take it for 
granted that an air thermometer does really fulfil this re- 
quirement, and refer our readers for a description of this 
instrument to our chapter on the dilatation of gases. 

16. But while an air thermometer gives a very correct 
indication of temperature, it is nevertheless an instrument 
difficult of construction and awkward in use : it ought there- 
fore to be employed rather as a standard of reference, by 
means of which the errors peculiar to some other instrument 
of easy construction and simple form may be determined. 

Mebcuriai. Thermometbr. 
16. An instrument of this kind is found in the mer- 
curial thermometer, which is constructed upon the principle 
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that mercury when heated expands very much more than 
glass. 

In malting a mercurial thermometer a tube of glass is 
selected which has a capillary bore, and a bulb is blown at 
one extremity oC it, the other end of the tube being left open 
to the atmosphere. The bulb is then heated so as to drive 
out some of the air which it contains, and the open end of the 
tube is inserted into a basin of piu-e mercury. As the bulb 
begins to cool and the pressure of the air within it diminishes, 
part of this mercury will be driven up the bore into the bulb. 
The mercury thus driven into the bulb is then boiled, and 
the mercurial vapour drives away any air or moisture that 
may have adhered to the tube. While the instrument is hot 
and full of the vapour of mercury its extremity is once more 
plunged into the basin of mercury, by which means, on con- 
densation of the vapour, the bulb and tube will be filled with 
mercury. When the tube is still hot and full of mercury it 
is hermetically sealed, and when the instrument has cooled 
the mercury will be found to fill the bulb and part of the 
stem, the other part being empty. If now the bulb of this 
instrument be heated the glass envelope will expand, and 
also the mercury with which it is filled ; but the mercury will 
expand much more than the glass envelope, and in con- 
sequence the mercurial column will rise in the capillary tube. 
If the bore be fine enough, a considerable rise may thus be 
produced even when there is only a small expansion of the 
mercury, and by this means a very great amount of delicacy 
may be given to the instrument. ' 

17. C&libration of the tube. If the instrument is to 
be as accurate as possible, it is necessary to know the 
relative diameter of the bore at different parts of its length, 
since this is always variable even in the best tubes. 

To accomplish this the tube is made by the glass-blower 
in such a way that by a simple mechanical contrivance a 
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small column of mercury, occupying the length of about 
one-third of an inch in the bore, may be detached from the 
main body of the fluid. This column is then made to travel 
from the one extremity of the tube to the other, and its 
lei^h is measured by a microscope at each short stage of 
its progress. It is obvious that this column will be long 
where the bore is narrow, and short where it is wide, and 
that by this means we may obtain the relative diameter of 
the bore in different parts of the tube. The detached 
column having served its purpose is now reunited to the 
main body of the mercury. It will be afterwards seen 
(Art. 20) in what manner the infomiation thus obtained is 
made use of, 

18. SeterminatioD of tlie fixed points. The freesing- 
point. Our object in constructing a thermometer presup- 
poses the existence of at least two fixed points of temperature. 
The two universally adopted are 
the freezing and the boiling points 
of water. Suppose that a substance 
ascends from the lower to the upper 
of these temperatures through a 
certain number of equal stages or 
degrees, it is the office of the ther- 
mometer lo indicate these. In 
order to determine the lower fixed 
point, a box or vase (Fig. i) is 
perforated in the bottom with a few 
holes to permit drainage, and placed 
in a room whose temperature is 
above the freezing-point of water. 
It 13 then filled with snow or 
potmded tee in a melting state, and 
it has been ascertained that the temperature of this melting 
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The thermometer is now placed vertically in this mixture, 
the ice being heaped about the stem, and is so left for a 
quarter of an hour, or until the mercury has become sta- 
tionary. The tube is then marked with a scratch at the 
termination of the mercurial column, and the lowest of the 
two points is thus determined. Presuming that Fahrenheit's 
scale is to be employed, this point will denote 33°. 

19. The boiling-point. The nest process consists in 
determining the boiling-point of water. This, unlike the 
freezing-point, is not strictly constant, for the temperature 
of steam in contact with water depends upon the pressure 
under which it exists. 

It had been observed by Gay Lussac that water boils 
under the same pressure at slightly different temperatures 
in different vessels ; but Rudberg afterwards found that the 
nature of the containing vessel altered only the temperature 
of the water and not that of the steam. It is therefore in 
steam, not water, that a thermometer ought to be plunged 
ill order to have its upper point determined. Hence also 
if steam escape from an open vessel containing water into 
the air, the temperature of the steam, which depends upon 
the pressure under which the steam exists, will therefore 
depend upon the atmospheric pressure, since this must be 
the same as thai of the steam. . The temperature of the 
steam of water boiling in an open vessel will therefore 
vary with the barometer ; but if we know the law of this 
variation we can make allowance for it in graduating our 
thermometer. 

The Commissioners appointed by the British Government 
to construct standard weights and measures, and the Kew 
Committee of the British Association, have both agreed that 
the upper point of a thermometer graduated according to 
Fahrenheit's scale, or that hitherto adopted in this country, 
shall be taken to represent at London the temperaturic of 
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Steam, at the pressure d 29.905 inches of mercury reduced 
to the freezing-point'. This is therefore the true meaning 
of 313° Fahrenheit, and the temperature of steam at other 
pressures may be found from the following table. 

Temptralure in Fahrenheit degrees of steam at differtnt 
pressures {at London), 







Preutueia 




Pretnirein 




Preuoie in 


Tempera- 


iochwof 


Tcmpeii- 


inches of 


Temp„». 


iiichei of 


tore. 


metcnry « 


ture. 




ture. 






32' Fahr. 




33° Fahr. 




32" F»hr. 


aim 


39315 


ju-7 


29-717 


312.4 


30.143 




I 


19-374 


aTl>8 


»9.786 


2IJ-5 


30-203 




1 


»9-43J 


Jiii) 


29.845 


113.6 


3o»63 




3 


39.491 




39.905 


212.7 


30-333 




4 


'9-550 




29.964 


312.8 


30-384 




.I 


19.6011 




30-014 


2IJ-9 


30-444 


JU 


-6 


29.668 


»I2-3 


30-083 







We are thus furnished with the means of determining the 
higher point. Let the instrument be immersed in steam 
arising from boiling water, mark off as before the teniination 
of the mercurial column, reading the barometer at the' same 
moment. If the pressure of the atmosphere be 29.905 inches, 
this point will denote 213°; and for any other pressure the 
true value of the mark may be found from the above table. 

In performing this operation it will be found most con- 
venient to employ Regnault's apparatus (see page 13). The 
arrangement will best be perceived from Fig. 3, which repre- 
sents the interior of the instrument. 

j4 is a thermometer having its bulb alittle above E, the level 
of the bolting water. The course which the steam is forced to 
take is denoted by the arrow-heads. It is thus seen that the 
steam must pass up along the thermometer tube and down 
again, until finally it leaves the apparatus by the orifice C. 
The whole of the tube of the instrument is thus thoroughly 

' Thai i> to s«y. the density of the niercuiy being that which it has at 
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surrounded by steam, and by a cylinder having the tem- 
perature of the steam. Z) is a bent glass tube, open to the 
atmosphere, and containing a little water, which shews by 
a difference of level in the two limbs if the pressure of 
the steam in the interior is greater than that of the atmo- 
sphere without. It has been ascertained that, if the orifice 
is sufficiently wide, this difference is too small to affect the 
temperature of the thermometer, and thus the gauge D may 
be dispensed with. 



The thermometer is inserted through a closely fitting slit 
in a thick piece of india-rubber which rests upon the top 
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of the apparatus, and the stem is lowered until the column 
of mercury just appears above the india-rubber ; and thus 
nearly all the column as well as the bulb is exposed to the 
vapour of boiling water. This apparatus is generally formed 
of copper, and distilled water should if possible be used. 

BO, GraduatiDii. Fahrenheit's scale. The relative 
diameter of the bore at different parts of the tube having 
now been determined by calibration (Art. 17), and the two 
fized points marked, it is easy to graduate the instnmient. 
If the scale is to be that of Fahrenheit, the lower point is 
called 32° and the upper point (provided the atmospheric 
pressure be 29.905 inches) 212°. There are thus 180 divi- 
sions between the two points, and these are marked upon 
the tube in the following manner. The whole instrument is 
covered over with wax sufBciently thin to allow the two 
marks (previously blackened) to be visible, and a needle 
attached to a dividing engine scratches the graduations in 
the wax. The thermometer is then exposed to hydrofluoric 
acid or its vapour, which attacks the glass where the wax has 
been scratched off. The length of each degree is regulated 
by the. previously determined diameter of the bore, in such 
a manner that the internal capacity of the tube between the- 
two marks is di\^ded into 180 equal parts. The graduation 
is generally extended below the freezing-point, and sometimes 
above the boiling-point. In this thermometer a temperature 
32° below the freezing-point is termed zero, while one ten de- 
grees lower is called minus 10°, or 10° below zero, and so on. 

21. Other aoales. Besides Fahrenheit's scale there are 
two others, those of Celsius and Reaumur. The former 
of these is also called Centigrade, and is used throughout 
France ; the latter is in very general use in Germany. 

In the Centigrade thermometer the freezing-point of water 
is termed 0°, or ztro, while the boiling-point is reckoned 
equal to 100°. A degree Centigrade is therefore greater 
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than a degree Fahrenheit in the proportion of nine to five. 
The boiling-point in this thermometer, or loo", is defined 
by Regnault to be the temperature of steam mider the 
barometric pressure of 760 millim^es, or 29.922 inches 
of mercury reduced to the freezing-point of water at the 
latitude of Paris. This is slightly different from the cor- 
responding point, or 213°, in Fahrenheit's scale, which, as 
we have seen, denotes the temperature of steam under the 
pressure of 99.905 inches of mercury reduced to 32° at the 
latitude of London. It must, however, be borne in mind 
that the force of gravity, and therefore the absolute pressure 
towards the earth of the same mass of matter, is somewhat 
greater in London than in Paris, so that 29.93a inches of 
mercury in Paris are equal in absolute pressure to 39.914 
inches at London (see Art 143), This stilt leaves a slight 
difference between the absolute pressure of the steam in 
the two cases, and hence the upper points of these two 
instruments will not quite correspond in temperature; but 
this difference is so very small that for ordinary purposes 
it may be neglected. 

Inasmuch as Centigrade thermometers are those most 
frequently made and used by scientific men, it will be desir- 
able to give the temperature of steam in Centigrade degrees 
corresponding to various atmospheric pressures, these pres- 
sures being recorded either in millimetres or inches of mer- 
cury reduced to the freezing-point. This is done in the 
following table: — 



DyGoogle 



MEASUREMENT BY THERMOMETERS. 



Temptrahtre in Centigrade i^rees of steam at different 
pressures {at Paris). 





P«MO« 




PreMore 


Ttmptr.- 


in inch., 
of 


iD railli- 
mitwiof 


Teinptra- 


in inchci 

of 


in milli- 
roitret of 


Wre. 


mercury. 


IDBTCUiy. 




niereury. 


mMCOry. 


990 


28.867 


73319 


100.0 


29.922 


■ 760-00 


99.1 


18-971 


735-84 


too. I 


30-029 


762.73 


99.J 


29.075 


738.49 




30137 


765.46 


99-3 


jq-iSo 


74'-'5 


100-3 


30-345 


768-10 


99-4 


I9'=8s 


743-8" 




30-3.53 


770-95 


99s 


a9-39o 


74I5-50 




30-461 


773-71 


99.6 


29-496 
29.601 


749. IB 


100.6 


30-i7o 


776-47 


99-7 


751-87 


100-7 


30-680 


779-15 


^.8 


29708 


754-57 


100.8 


30-789 


782-93 


W-9 


29-8.5 


757-38 


lOOK) 


30.899 


784-82 



To reduce Fahrenheit to Centigrade the foUowing formula 

is made use of, C = (F — 32)-; while lo reduce Centigrade 

to Fahrenheit we have F = — +32. 

Thus, were it required to find what degree Centigrade cor- 
responds to 77° Fahr., we should proceed in the following 
manner. Subtracting 32° from 77° we find that this tem- 
perature is 45° above the freezing-point, or Centigrade zero, 
and taking | of 45°, since Centigrade degrees are greater ihan 
those of Fahrenheit in the proportion of 9 to 5, we find that 
35" Cent, corresponds to 77° Fahr, 

Again, were it required to find what degree Centigrade cor- 
responds to — 38°.2 Fahrenheit, we should have, as above — 



C = (-38«-3»)| 



-70.2 X - = 



-39- 



In the scale of Reaumur the distance between the freezing- 
and boiling-point is divided into 80 parts, and the boiling- 
point is defined to be the temperature of steam under the 
pressure of 760 millimfetres of mercury, the force of gravily 
being that which corresponds to latitude 45°. 
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This pressure corresponds as nearly as possible to that 
of 29.905 inches of mercury reduced to the freezing-point 
at the latitude of London, and hence the boiling-points of 
Fahrenheit and Reaumur represent the same temperature. 

To reduce Fahrenheit to Reaumur we have therefore 

the following expression, R = (F— 32)-; while to reduce 



readily appear that the Centigrade scale is much more 
convenient than either of the other two : we shall therefore 
employ it in the various calculations of this treatise. 

22. Gorreotioii for chariige of boto. It is found that 
thermometers are liable to an alteration of their zero points, 
especially when the bulb has. been filled not long before 
graduation. This displacement is of the following nature. 
Immediately after graduation o^C will of course denote the 
temperature of melting ice; but when some time has elapsed 
a thermometer placed in melting ice will no longer give this 
reading, but one somewhat higher, perhaps 0.3 or 0.3, 

When an instrument has been graduated shortly after the 
filling of the bulb, this displacement may in the course of 
years amount to about I'^C, but it is believed that this is 
the extreme limit of the change. But if the bulb has been 
kept for some lime before graduation, and has also been well 
annealed, the change is much less : nevertheless it may pos- 
sibly amount in the course of years to three or four tenths 
of a degree Centigrade. Besides this progressive and per- 
manent change there is also a temporary one, produced by 
heating and suddenly cooling the instrument. For instance, 
if a thermometer have first of all its freezing-point determined 
by melting ice, if it then be plunged into boiling water, then 
suddenly withdrawn, and finally plunged again into ice, the 
freezing-point will be found to have changed — the instrument 
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may now read — o.i, and it will not recover its true reading 
until ten days or a fortnight have elapsed. On this account 
it used to be the invariable custom to mark off first the 
freezing-point and then the boiling-point in constructing a 
standard thermometer. An opinion has subsequently, how- 
ever, arisen amongst meteorologists that the position of the 
freezing-point of an instrument that has recenily been 
plunged in boiling water is the most constant thing of the 
kind that can be procured. This maximum depressed 
freezing-point has in consequence been provisionally recom- 
aaended by the Congress which met in Rome in 1879. 

In February 1883 the Kew Committee proposed, in the 
case of high-range chemical thermometers, to adopt this 
maximum depressed freezing-point as the zero of their 
centigrade scales, but this body have not adopted the new 
system for ordinary thermometers. The opinion of the 
writer of this volume is in favour both of the action of the 
Kew Committee and of its limitation. 

To correct for change of zero the thermometer ought to 
be plunged from time to time into mehing ice, and its reading 
noted. The amount of alteration thus becomes known, and 
the requisite correction may be applied, which is of course 
constant throughout the scale. 

29. Otlier Bourcefi of error. If a thermometer have 
its fixed points determined in a vertical position it must 
always be used in this position; in like manner, if these 
points are determined in a horizontal position of the instru- 
ment, than it must always be used horizonlall}'. The reason 
of this is, that for the same temperature the same instrument 
will give a higher reading in a horizontal than in a vertical 
position, since in the latter the hydrostatic pressure of the 
column of mercury will tend not only to compress the 
particles of mercury into less volume, but also to enlarge 
the c^iacity of the bulb. 
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For a fflmilar reason (he reading of an unprotected 
thermometer in vacuo will be different from' its reading in 
air. 

24. Again, when the volume of mercury in the stem of a 
thermometer is exposed to a temperature different from that 
of the bulb, a correction must likewise be made on this 
account. 

For institnce, if the bulb and the column of mercury up 
to freezing-point mark have the temperature of boiling 
water, while the remainder of the column is exposed to the 
atmosphere, which we may imagine to be at o°C, then the 
instrument will not indicate loo'^C. It would have done so 
had the whole of the mercury been heated up to the boiling- 
point, but this is not the case, for nearly loo degrees, or the 
distance between the freezing-point mark and the extremity 
of the column, is exposed to the atmosphere, and may be 
taken to have the same temperature as it has. 

In order to find the correction which we ought to apply. 
Jet us denote by unity the whole volume of the mercury 
when it is all at the temperature o°: unity will therefore 
also denote the internal capacity at this temperature of the 
glass envelope up to freezing-point mark. Now it will be 
afterwards shewn (Art. 52) that this mercury when raised to 
100" will have the volume 1.0183 nearly, and also (Art. <o) 
we may perhaps suppose that the interna! capacity of the; 
glass up to freezing-point mark will have, when raised to 
100°, the volume 1.0026: this however depends upon the 
nature of the glass. Hence a volume of mercury equal to 
1.0183 — i.ooz6, or .0156, will exist in the tube above the 
freezing-point mark provided that the whole column of 
mercury be heated up to 100"; and it will tmder these 
circumstances occupy 100 degrees of the bore. The ques- 
tion to be answered is, how many degrees of the bore will 
this portion of mercury occupy when both it and the. tube 
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containing it are at o"? Evidently the absolute volume of this 

portion of mercury at 0° will be -0156 x - ■ — = 01532. 

Hence if we imagine the bore of the tube to preserve a 
constant volume for all temperatures, the rise may easily be 
found. For if the volume .0156 occupy 100 divisions, the 

volume -01532 will occupy 100 x — ^—7- or 98-2 divisions. 
■0156 

But the bore of the tube in which this rise takes place does 

not preserve a constant volume throughout, but, being only 

at 0°, is really of smaller capacity than it was at 100°, in 

the ratio of i to 1.0026: the rise of 98".! will therefore 

have to be increased in this proportion, and wiU become 

98''.4S or the mercury will indicate this as the boiling-point 

of water ; a correction of + i''.55 must therefore be applied. 

If the thermometer be a Fahrenheit one the correction will 

be +i''-55x^= +2°.8. 

This example will convey to the reader sufficiently well 
the method to be employed in finding this correction, but 
it ought 10 be borne in mind that it is much better when 
practicable to avoid the necessity for it, by exposing the whole 
column of mercury as well as the bulb to the influence of the 
temperature which we wish to estimate. 

25. Lastly, even when a mercurial thermometer has been 
constructed with the greatest accuracy after the method in- 
dicated in the preceding articles, so that the freezing-point 
is denoted by 0° and the boiling-point by 100°, while each 
degree denotes precisely the looth part of the capacity of 
the bore between these two points, it does not follow that 
the instrument will give an intermediate temperature with 
absolute exactness. 

For, in the first place, it does not follow that the expansion 
in volume of the mercury above that erf" the glass envelopt up 
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to freezing-point mark for a true rise of 50° must be preciseljr 
-half of its expansion for a true rise of 100". 

In the next place, it ouglit to be borne in mind that the 
rise of 50° takes place in a bore of which the temperature is 
only go", and of which therefore the capacity is smaller than 
when the temperature is 100°, in the proportion of 1.0013 
to 1.0026. 

Both of these circumstances will introduce errors, and 
Regnault has found that when the graduation is extended 
much above 100°, the difference between the mercurial and 
the standard air thermometer becomes very considerable at 
high temperatures, and also varies with the nature of the 
glass. But between 0° and 100°, and for a range extending 
not too far beyond these points, a mercurial thermometer 
well graduated may be considered to be a tolerably good 
though not a strictly accurate instrument. Since the best 
thermometers made in this country are all formed of the 
same kind of glass, it would be desirable that a few of these 
should be compared with an air thermometer at temperatures 
between 0° and 100°. Professors Thorpe and Rflcker are 
at present engaged in making this comparison. 

Other Thermometers. 
ae. Alcohol Thermometer. It is well known that 
mercury freezes at about — 39*^0, while it boils at about 
349''C. A mercurial thermometer cannot therefore be used 
below the former point or above the latter. But while the 
superior limit of its accurate employment is considerably 
below the higher temperature, its indications may probably 
be relied upon very nearly to the point at which the mercury 
freezes. It is, however, often desirable to register still lower 
temperatures, and in order to do so a thermometer filled 
with absolute alcohol is employed. Such an instrument is not 
capable of being constructed with the same amount of ex- 
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actness as a mercurial thermometer ; but yet if it be carefully 
made, and used with caution, very good results may be ob- 
tained. An alcohol ihermometer ought before graduation 
to be marked off at o°C, atid at some higher temperature by 
comparison with a mercurial standard thermometer. The 
freezing-point of mercury ought also, if possible, to be made 
use of as a fixed point ; and it has been ascertained that this, 
like the freezing-point of water, is of constant temperature, 
its true value, on the Centigrade scale, being — 38°.8. An 
alcohol thermometer may be used for very low temperatures, 
since this fluid has not yet been frozen. 

When a very accurate determination is desired, this ther- 
mometer should be kept in a verticaJ position, bulb downwards, 
for some time before it is read. 

The reason of this is that alcohol, unlike mercury, wets 
the capillary glass tube which contains it, and is also very 
volatile : great care ought therefore to be taken that there 
is no liquid above the main column, whether condensed 
or adhering to the sides of the tube. 

27. M&ximTIin. and TUfinimnTn TTinlTrmnnatJiTH. Uaxi' 

mum. It is often of importance to know not merely the 
present temperature, but likewise the highest or lowest point 
to which an instrument has been exposed. Meteorologists, 
for instance, should be able to register every evening and 
morning the highest and lowest temperatures of the atmo- 
sphere. This when not accomplished by a continuous pho- 
tographic registration of temperature, is done by maximum 
and minimum thermometers, 

n ' I ' 1 ' I ' I ' I ' I u ' I ' 1 ' 1 1 1 M I r I ' r I ' I ' 

In Rutherfoixi's maximum thennometer the stem is placed 
in a boiizontal position, and ttie bore contains a small index 
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made of iron or graphite, which the mercury poshes before 

it when it expands through increase of temperature ; but when 
it retreats this index is left behind, since there is no cohesion 
between it and the mercury. In Professor Phillips' maximum 
thermometer this index is part of the mercurial column itself, 
whidi, as in Fig. 4, is separated from the main body of the 
fluid by a little air. When the mercury expands, the elastic 
force of the air pushes the index on before it ; but this is kept 
in its position when the mercury again contracts. By this 
arrangement there is no risk of the index soiling the mercury 
or becoming entangled with it. It has also been found that 
when the bore is sufficiently narrow the instrument may be 
used in a vertical position, bulb downwards, and it is thus of 
service in chemical operations. Both of these maximum ther- 
mometers when read must be reset by siiaking the index down 
towards the mercurial column as far as it will go. 

Negretti and Zambra's maximum thermometer is exhibited 
in Fig. 5, When used the stem of this instrument ought to 
be inclined downwards. The bore is nearly choked at .^4 1^ 




Fig. 5- 
means of a bit of enamel or glass. When the mercury ex- 
pands, it does so with sufficient force to push its way past this 
obstruction ; but when it contracts, that part of the colunia 
past the obstruction is kept there, and the contraction takes 
place by the mercury to the left of A withdrawing into the 
bulb. It does not matter if the column past the obstruction 
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go down to the boltom of the tube, for when the instniment 
is read it is gently tilted up until this detached column flows 
back to the obstruction, where it is arrested, and 
the end of the column will then denote the maxi- 
mum temperature. In resetting the instrument it is 
necessary to shake the detached column past the 
obstruction, in order to fill up the vacancy left by 
the contraction of the fluid afler the maximum had 
been reached. 

Of late years the principle of this maximum 
thennometer has been extensively employed in the 
production of clinical thermometers used chiefly for 
determining the temperature of the blood, 

The following diagram will shew the form and 
size of these little instruments, which have a very 
open scale between 95° and 113° Fahr,, no greater 
range of temperature being necessary, 

28. Iiens-firont Therm ometera'. The object 
of these instruments is to facilitate the readings 
of such ordinary mercurial thermometers as have 
extremely fine bores, with the view of providing them 
with open scales. 

Instead of the usual cylindrical stem with the bore 
in the centre the stem of a lens-front thennometer \\ 
approximately prismatic, being an equilateral tri- 
ai^le in section, with the bore very close to the 
base of the triangle. The apex being rounded off' 
becomes with the sides a lenticular surface of Fie- 6. 
short curvature and correspondingly short focal lengih, and 
the bore being situated close to the focus the arrangement 
resembles a Coddington or Stanhope lens, magnifying the 
mercurial column in ihe bore about fifteen diameters. 






' FoT descriptions of the tens-froat and of the avitreous thermometers, 
I am indebted to CM. Whipple, Esq., director of the Kew.Obsecvatoiy. 

1;- .t.ODgIc 
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It is thus rendered dearly visible to the unassisted eye- 
eight, dispensing with tlie employment of a pocket lens, 
which cannot be used without difficulty in ordinary instru- 
ments on account of difference of focal distance of column 
and scale. 

This form is largely employed for clinical and solar radia- 
tion thermometera, in both of which a small bulb is a matter 
of importance. 

28- Leslie's differential Thermometer. Sir John 
Leslie has constructed an instrament for shewing the dif- 
ference in temperature between two neighbouring substances 
or places, and which is hence called the differential ther- 
mometer. In this instrument two bulbs, A and B, filled 
^ ^ with air are connected together by 

means of a bent tube, as in Fig. j; 
a little coloured liquid fills the lower 
part of this tube, and rises to the 
levels C and D when both bulbs are 
J, of the same temperature. But should 
A become warmer than B, since air 
■nt I expands very much for an increase 

¥ of temperature, the column of liquid 

fl will be pushed down at C and made 

A to rise at D ; and this motion will be 

jfirf^^^ reversed when B becomes warmer 
^^■^^^^^ than A. Such an instrument will 
'2- 7- therefore indicate any difference of 

temperature with great delicacy. The fluid in the tube 
ought to be one which is not volatile— sulphuric acid is 
frequently used. We shall find afterwards (Art. 165) that 
the thermo-pile registers any difference of temperature with 
still greater delicacy than this instrument. 

30. FluotuatlDiL Thermometer. The author of this 
work has proposed an instrument for summing up fluctu- 
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ations of temperature. If a bulb be blown connecting 
together two horizontal glass tubes of different bores, and 
if this instrument be nearly filled with mercury, it will be 
found that this fluid will expand in the lube of wide bore 
when the temperature rises, and contract in the other when 
it falls. Thus the merctu-y will gradually travel toward the 
extremity of the tube of wide bore, and its position from 
time to time will indicate the amount of fluctuation which 
the temperature undergoes. This instrument is however 
difficult of construction. 

31. AvltreouB Thermometers. These instruments, of 
comparatively recent introduction into science, have been 
found of great service for measuring temperatures not ex- 
tending over a very wide range, such as we have in meteoro- 
logical and clinical observations. 

As the name indicates, glass is not employed in their con- 
struction, and therefore they can stand rough usage without 
being broken. 

The principle upon which they act is as follows : a thin 
flexible metal tube is taken and filled with a highly dilatable 
fluid, usually a mixture of alcohol and chloroform. 

It is then hermetically sealed at both ends and the tube 
twisted, or bent into the arc of a circle, at a low temperature, 
after which any increase of volume of the liquid will cause the 
tube to uncoil or untwist so as to increase its internal capacity. 
One end being rigidly fixed, the motion of the other is 
rendered visible by an index caused to move over a scale or 
by a stylus traversing a sheet of paper. The invention was 
originally due to Bourdon, but its adaptation to a meteorolo- 
gical recording instrument has been brought about by Richard 
Frferes of Paris, and its introduction to give us a convenient 
pocket thermometer by Immisch of London, who by the attach- 
ment of a maximum index has fitted his instrument for use as a 
clinical thermometer. Numerous tests of these instruments 
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have been made in various verification oflSces with excellent 
results. 

31a. Other inBtmmente for meastmng temperature. 

Wedgwood's pyrometer is an instrument for measuring high 
temperatures, and its action depends on the contraction 
which takes place in baked clay when heated. 

Dr. C. W. Siemens has lately proposed a serviceable pyro- 
meter consisting of a coil of fine platinum wire contained in 
a cylindrical case. This fine wire forms part of an electric 
circuit, the intensity of the current thereof being measured 
by a galvanometer or other appropriate instrument. If this 
pyrometer be thrust into a furnace the heated coil will in- 
crease in electrical resistance, and hence the intensity of the 
current will be diminished. The indications of the galvano- 
meter or other instrument which measures the intensity of 
the current will thus afford a measure of the increase of 
resistance of the coil, and this in its turn will indicate the 
temperature of the furnace. 

The application of Siemens' principle to the construction of 
the bolometer-^an exceedingly delicate instrument for measur- 
ing radiant heat recently devised by Prof. Langley — will be 
described in a future part of this work. 

Again, in measuring the temperatures of oceanic depths 
where the pressure is very great an ordinary thermometer 
would be rendered useless or perhaps broken. In this case 
the followii^ plan has been adopted. The bulb of the ther- 
mometer is enclosed in another stout glass bulb, the space 
between them being nearly but not quite filled with mercury- 
It will be apparent that the pressure of the water will in this 
case only affect the outer bulb, and if this be sufBciently 
strong to remain whole no pressure will be communicated 
to the inner bulb which is the true bulb of the thermo- 
meter. It will therefore give a correct indication provided 
the instrument be left long enough in its position to enable 
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the inner bulb to attain the temperalure of the surrounding 
water. 

Breguet's metailic ihenno meter is another instrument 
which may be used in measuring temperature, but a de- 
scription of it must be deferred to a future occasion. 



CHAPTER II. 
Dilaiation of Solids, 



32. In the present chapter the relation between the tem- 
perature and the volume of a solid will be investigated. 

It is a general, though not a universal law, that when such 
a body increases in temperature it also expands in volume, 
or dilates, and that when it diminishes in temperalure its 
volume contracts, so that when restored to its original tem- 
perature it resumes its original volume. 

The subjoined apparatus (Fig. 8) is used to illustrate the 
expansion of solids through heat. A rod A is fixed at one 
end by a screw B, while the other end presses agsdnst the 




Fig. 8. 
short arm of a lever, whose long arm P forms a pointer. 
This pointer exhibits by its movement along a graduated 
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scale any change of length in the rod— thus, were the rod 
lo expand, the pointer would be pushed upwards ; and were 
it to contract, the pointer would fall downwards. Any small 
change in the length of the rod is by this means rendered 
visible. . 

But the way in which a solid expands is different accord- 
ing as the substance is crystalline in its structure or amor- 
phous, and hence the subject naturally divides itself Into two 
parts. In the first of these the expansion of uncrystallized 
solids will be considered, while in the second the behaviour 
of crystals under change of temperature will be shortly de- 
scribed. 

Dilatation of Uncrvstallized Solids. 

83. In some cases it is the increment of the volume of a 
body that we wish to estimate, while in others, as for instance 
when we are considering a substance, such as a bar, of 
which the length is the important element, it is change of 
length with which we concern ourselves. The former of 
these is called cubical and the latter linear dilatation or ex- 
pansion. We shall commence with linear expansion ; but 
let us first define what is meant by " the coefficient of expan- 
sion," whether linear or cubical. The coefficient of expansion 
of a substance is the expansion for one degree of tem- 
perature of that quantity of the substance whose length 
or volume (as the case may be) was imity at a certain 
standard temperature, as for instance at the temperature of 
melting ice. 

Thus if the length of a brass bar be unity at 32" Fahr., 
at 33° it will be 1.00001 ; hence .00001 is the linear coefficient 
of expansion of brass for 1° Fahr. 

34. Linear dilatation, Lavoifiier'a method. Several 
methods of finding the linear dilatation of solids have been 
proposed. In one of these, namely that adopted by Lavoi- 
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sier and Laplace, a telescope is placed upon a horizontal 
axis, as in Fig. 9. This axis carries a cross piece AB 
rigidly attached 
to it, and a bar 
(not shewn in 
the figure) fixed 
at one end is 
forced to ex- 
pand by means . 
of heat, and to 
press vith its 
free end against 
the cross piece. 

This pressure will move the cross piece and turn round 
the axis of the telescope to which the cross piece is rigidly 
attached, so that the telescope will now point to a different 
object. Suppose that the object to which it is point- 
ing is a vertical scale of inches a considerable distance 
off. If a horizontal wire be placed in the telescope so as to 
appear in the centre of its field of view, this will seem to have 
travelled over a great distance on the vertical scale for a 
very small expansion of the bar. It will be seen that this 
apparatus is similar to that of Fig. 8, the telescope and 
vertical scale of inches performing the part of the pointer 
and graduated quadrant. 

36. Bamsden's method. In the apparatus of Roy and 
Ramsden there are three troughs, the first and the last con- 
tEuning iron bars, while the middle one contains the bar of 
which the dilatation is to be measured. To the two extrem- 
ities of the iron bar contained in the first trough there are 
fixed the eye-pieces of two small telescopes, the object-glasses 
of which are fixed to the corresponding extremities of the bar 
in the middle trough. These telescopes are directed towards 
two marks attached to the extremities of the- iroa bar in _ 
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the farther trough. The first and third troughs are kept 
filled with mdting ice, SO that the iron bars in these are 
always of the same temperature. (These bare are per- 
manently fixed at one end and moveable through a collar 



at the Other.) Hence the points of attachment of the eye- 
pieces of the two small telescopes to the first bar may be 
regarded as rigidly fixed, as well as the points of attach- 
ment of the two marks, which are fastened to the extremities 
of the iron bar in the third trough, inasmuch as there is no 
expansion or contraction of these two bars through chajige 
of temperature. On the other hand, the bar in the middle 
trough is first of all placed in ice, and afterwards in water, 
of which the temperatnre is varied by means of lamps, in 
order that the dilatation of this bar may be measured. This 
middle trough rests upon rollers, and by means of a screw 
attached to the table (not shewn in the figure) the left-hand 
end of the bar is always kept in the same position, so that 
the object-glass of the left-hand telescope which is aUached 
to the middle bar may be regarded as fixed. But the right- 
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hand extremity of the middle bar, and consequently the 

object-glass attached to it, is moveable, and will move 

towards the right when an expansion takes place. At the 

left side therefore the eye-piece, object-glass, and mark arc 

fixed, while at the right side the eye-piece and mark are 

fixed but the object-glass is moveable. Now the right-hand 

eye-piece has in its field of view a vertical thread, which at 

the beginning of the experiment, when all the three troughs 

are filled with melting ice, may be supposed to coincide 

precisely in jMJSition with the right-hand mark. But when 

the object-glass of this telescope has been moved owing to 

the expansion of the middle bar, this tliread will no longer 

coincide with the mark : nevertheless it may be made to 

do so by means of a screw attached to the eye-piece and 

which moves the thread. It is thus apparent that the 

number of turns and fractional parts of a turn of this screw 

necessary to bring back the thread to coincidence with the 

mark affords the means of calculating the expansion of the 

middle bar, which may thus be determined with very great 

precision. 

36. Fouillet's and Baniell's methods. In the last 

method, as well as in that previously described, the bar of 

which the dilatation is to be measured is immersed in a 

liquid, and cannot therefore be healed to a very great 

extent. If we wish to measure the dilatation of a substance 

at a high temperature we must use some other method. 

Pouillet has devised an instrument by which the amount of 

dilatation may be measured at a distance, while Daniell has 

effected the same object in the following manner. The 

bar of which the expansion is to be measured is inserted 

into A, a black-lead tubs, and pushed to the bottom; above 

it is placed an index B, which is pushed down into contact 

with the bar, and is kept somewhat tight by means of 

a collar CD. When the bar expands through heat .this 
I I, .OlH. k 
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index is pushed up, but is left in its place when the same bar 
again contracts. Thus by an arrangement similar to that 
of the maximum thermometer the expansion of the bar may 
be detennined. It may be easily shewn that in this apparatus 
the index B (neglecting its contraction since 
it is small) will remain pushed out by a 
quantity which represents the difference 
between the expansion of the bar and 
of the tube containing it. For suppose 
that at the highest temperature reached the 
bar and the index B are in contact 
together. As the temperature falls the bar 
will contract, leaving a vacant space be- 
tween the bar and the index ; but, on the 
other hand, the whole tube as it contracts 
will tend to diminish this vacant space, 
and to push the bar and the index nearer 
together. The vacant space will thus be 
the difference between the expansion of 
the tube and that of the bar, and indeed 
it is evident that if the bar be composed 
of the same material as the tube there 
will be no vacant space. In using Daniell's 
instrument it is therefore necessary to obtain independently 
the expansion of the tube. 

37. The following table will exhibit the results obtained 
by these various instruments, and it is instructive to notice 
sometimes the coincidence between the determinations of 
different observers, and sometimes the difference between 
those of the same observer when operating upon different 
specimens of the same substance. 
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Table of linear dilatations of solids. 

Length at 100°Cofa 
rod whole length at 

0°C— l-OOOOOO. 



Glass (tnbevrithoQt lead) 



„ (English flint) . 
„ (French with lead) 
„ (tnbe) . . . 
„ (solid rod) 

„ (3 parts sand, 1 lead, 
iftlkali) . 



„ (eCandaid scale) . 

„ (Enalishplstein a 

rod 5 feet long) . 

„ (English plBte m a 

tronghofsfeet). 

Iron, soft (foiled) . . 

„ „ (drawn) . . 

„ wrought .... 

Steel (nntempered) . . 

„ (tempered yellow). 

„ rod s feet . . . 

Cast Iron (prism length 

5 feet). 



1-000876 
1-000898 
1-000918 

1-000776 
i-oooSoS 



1-00.716 

1-001867 
1-001S90 
i-ooi8s5 



It^Mse 



"Roy and Ramsden. 
Dnlong and Petit 



Lavoiuer and LapUee. 

Dnfong and Petit'. 

Borda. 

Lavoisier and Laplace. 

Roy and Ramsden. 



Daniell. 

Lavoisier and Lftplace- 

Daniell- 

Lavoisiec and Laplace. 



' Obtained from the cubical dilatation of these solids (sM Art 41)- 
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Nunc of lubltiace. 



Length *t loo°C ol 
md whole length it 
o°C — i-oooooo. 



Name of obtetret. 



Gold (ded^ait) . 
„ (standftid of Paris, 

„ (gtandaid of Fans, 



LftToisier and Laplkee. 



Zbc . 



I -000984 ' 
1-000857 
i^ooig^fi 



DonielL 



38. Bemarks oa the preceding table. If we suppose 
that by means of the methods aheady described a great 
amount of accuracy of measurement may be obtained, yet 
there is an uncertainty regarding the real temperature of 
the esperimental bar, and this becomes very great for 
temperatures above the boiling-point of water. In such 
cases, where a bath is used, it is not only very difficult 
to keep this at a constant temperature, but it is also very 
difQcult to estimate accurately the temperature by means 
of a thermometer. This uncertainty with regard to estima- 
tion applies still more strongly to higher temperatures. 
But for the range between freezing and boiling water, which 
is that of the above table, it may perhaps be assumed that 
the determinations are fairly correct. Whence then arise 
the differences between the results of different observers, and 
even between those of the same observer when estimating 
the dilatation of different specimens of the same substance P 
These are probably due to two causes. In the first place, 
substances which bear the same name are not always of 
precisely the same chemical composition. Of these, glass 
may be mentioned as a prominent example, and accord- 
ingly we find the dilatation of this substance ranging in 

' Obtained from the cubical dilatation of these soUds(see Art. 41.) 
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the table from -000918 to -000729. Brass, cast iron, and 
steel are likewise compounds of which the composition is 
variable. But besides this, the commercial varieties of those 
substances which when pure are elementary, such as iron, 
lead, silver, gold, &c. often contain a ver/ appreciable amount 
of impurity, so that the composition of different specimens 
is by no means uniform. In the second place, it ought lo 
be observed that two solids may have precisely the same 
chemical composition, while yet their molecular condition 
may be different, owing to a difference in the treatment 
which they have experienced. Thus steel heated and 
suddenly cooled ia a very different substance from steel 
which has not been treated in this manner ; and accord- 
ingly we find that while steel tempered yellow has for its 
expansion 001240, untempered steel has -001080. Glass also 
will behave in a different manner accordii^ as it is annealed 
or unannealed, and in cert^ cases it is almost impossible to 
obtain two bars, although made of precisely the same material, 
which shall in all their properties be precisely alike. 

88. Cubical dilatation of solida. To determine the 
cubical dilatation of a solid we may either, first, weigh the 
- substance at different temperatures ' in a liquid of which 
the absolute dilatation is known, or we may, secondly, 
enclose it in a glass vessel the remainder of which is filled 
with mercury or water; and if the absolute dilatation of 
either of these liquids is known, that of the glass envelope 
and of the enclosed solid may be easily determined. To 
illustrate this second method let us in the meantime regard 
the dilatation of mercury as known, and suppose that the 
following experiment has been made. 

A glass bottle thoroughly cleansed, so as to admit of being 
well filled with mercury without air specks, is found to hold 
at ©"C ioi69'3 grains of this fluid, while at ioo°C it only 
holds IOOI1-4 grains. Now it is known from Regnault's 
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experiments (see Art, 5a) that the dilatation of mercury 
between 0° and 100°= -oiSisa, that is to say, a quantity 
of this fluid occupying a volume equal to unity at 0° will 
at 100° occupy a volume- 1018153, Hence the weight 
of mercury occupying a given volume at 100° will bear to 
that occupying the same volume at 0° the proportion of 
I : 1-018153, ^"^ hence (had the bottle not dilated) the 
weight of mercury filling it at 100° would have been 

~-^ = 9987-9 grains. But the glasa envelope having 

1-018153 

expanded, the bottle holds 10011-4 grains, or 33*5 grains 
more than it would have held had there been no expansion. 
The volume of the expanded bottle will therefore bear to 
that of the same bottle at 0° the ratio of 1001 1-4 to 99879, 
or of 1-00235 *^ ') ^^^ hence Ihe expansion of lUs hotlle 
hetwem 0° and 100° uit'll be -00235. 

Let us now suppose that this bottle contains a piece of 
iron weighing 3000 grains, and that the remainder of it is 
filled with 6707-8 grains of mercury at 0°, while at 100° the 
mercury filling it only weighs 6599-4 grains. From this it 
follows that the volume of the iron at o'' = vol, of 3461-5 
grains of mercury at 0°, and also that the volume of the iron 
at ioo°<-vol. of 341a grains of mercury at ioo°"Vol. of 
3412x1-018153 grains of mercury at o". 

Hence 34"><'o^ '53 _ ^ ^ coefficient of dilatation of 
34*Si-5 
iron between 0° and 100°= 1-003593. 

Hence according to this experiment '003593 denotes tkt 
tuiica2 dilaialion of iron between 0° and lOo'C '. 

40. This example is aufficient to give an idea of the 
process employed, which may be used for such substances 
as do not act chemically upon mercury, and even for those 

' I am indebted for the above method of tolvtng thii example to Mr. 
C. Feuendm of Ontario. 1 (. .OOOlc 
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metals which do so, provided that they are protected by a 
thia fihn of their oxide. 

The following table exhibits the cubical dilatations ob- 
Uined after this method by different observers; of these 
MM, Dulong and Petit, and also M. Regnault, employed 
mercury as their fluid, while, on the other hand, Kopp made 
use of a flask filled with water. 



T<d>U of cuSical dilaiatioHS of tolids. 



Meia coefGdent 
of eipiPfloa for 



Glus . . ■ 
„ (otdinary) 



■00001584 

«»05i5s 

■00003546 



■00003039 
■00003056 
■0000133 



Dulong tuid Petit 
Datong: ud Petit 



Dr. Matthiessen has lately made a great number of very 
valuable experiments on the cubical dilatation of metals and 
alloys by means of weighing them in water at different 
temperatures. 

The metals employed for these experiments were well 
purified and cast in a well-smoked mould which gave the 
casting the shape of a double wedge. Owing to the action 
of the water on some of the metals and alloys the castings 
had in some cases to be varnished or gilded, but it was 
proved that this had no influence on the results obtained. 
The apparatus and method of observation are described in 
Art 54 of this volume, 

By these means Dr. Matthiessen has obtained the following 
results. 
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Table of cubical dilalaHon of melali. 



N»meorinct»l. ™«n':™':«i . 

r C between o^ »iiii loo'C, 

Cadmium ■aooo(>47S 

Zinc -ooooSJjS 

Lead -00008399 



Silver -00005831 

Copper -00004998 

Gold -00004411 

Biimnth -00003948 

Palladlom -00003311 

Antimony 'O0003167 

Pladnnm -0000J65B 

FoT alloys Matthiessen has obtained the following law: 
Tht cubical or linear coefficients of expansion by heal of an 
alloy between 0° and loo'C are approximately ejual to the 
mean cubical or linear coefficients of expansion by heat of the 
component metals. 

He argues from this that the determinations of the ex- 
pansion by heat of alloys give in general no indication 
as to their chemical nature, and that they differ in this 
respect from determinations of the electric conductivity of 
alloys, by which he has found that we may gain an indght 
into their chemical nature, the observed conductivity being 
often greatly less than the nature of the components would 
lead us to expect. 

Other substances besides those mentioned in the above 
table have engaged the attention of observers. M, Brunner 
(ills) has made experiments on the cubical dilatation of Ice. 
His method consisted in determining the specific gravity of 
this substance at different temperatures. From these experi- 
ments be concludes that, while at oX ice has a density of 
0-91800, at — i9°C its density has increased to 0-92013. 
This would give a cubical dilatation for i^C of 000132. 
' 41. Bemarkfl on the above tables. Belatioii of cu- 
bical to linear expansion. In comparing this last table 
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with the preceding one of linear expansion we obtain the 
following resolt. 





Comparison 


^ linear ami euhical expansions. 




M«ui linear 




Mean cubical 




SntnUDce. 


c«p.n.io« 
bttwem o" 

and I00°C. 


Oburren. 


eipantion 
between 0° 
aod ioo<«. 








lAToidei and 




Dulone and 


Glass . 


■000837 


Laplace, Roy 
audRainsden. 


■ootH 


Petit. 








Regnanlt 

Duonc' and 






Lavoi^er and 




Coppw. 


■001716 


Uplace, 
Daniell. 
Lavoisier and 


■005117 


p«it, 

Kopp. 


Lead . 


■ooiSSi 


Laplace, 
Daniell. 

Lavoisier and 


■0089 


Kopp. 


Tin . . 


.001959 


Laplace, 
D^iell. 


.0069 


.» 


ZiDC. . 


«oa9;6 


Daniell. 


.«% 




Iron. . 


•001104 


Lavoisier and ] 
La[dace. 
Borda. ) 


■003546 


I DnIoQg Md 
iPdlt 



From this it will be seen that the cubical expansion is in 
. every case equal to about three times the linear expansion 
of the same substance. The reason of this relationship be- 
tween the two follows at once from the fact that when an 
uncrystaJlized solid expands it does so in such a roanner that 
its figure at one temperature is similar to that at another. 
Universal experience demonstrates the truth of this state- 
ment ; and it can be very easily shewn that assuming, it 
to be correct the cubical dilatation of a sutstance will then 
be as nearly as possible three times as great as its linear 
dilatation. 

For let a represent the coefficient of linear expansion, and 
</ that of cubical expansion of the same substance for a rise 
of i''C above 0°; also let L and V represent the length 
and volume of the substance at 0°. Then L (i +»)■ and V 
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(i + o*) arc its length and volume al i". But since simi- 
larity of figure is preserved, we shall have by a well-known 
proposition in geometry, 

i:t + a::i:(H.a)'; 
.-. l+o'={l-|-a)'=I-t-3o-t-3o''+o'. 

Now since a is a very small fracUon we may dispense 
with the last two terms of the right-hand member of this 
equation, and hence i + a' = i -|- 30, or a' = ju nearly ; 
that is to say, the cubical is equal to three times the linear 
dilaltation. 

42. Inorease of the 00-effloient of expansioii with 
the temperatnre. It will be seen by comparing the mean 
coefficient of espansion between 0° and ioo°C with that 
between 0° and 3oo°C, that the latter is greater than the 
former for each of the substances given in the table; it 
would appear, however, that in the case of hardened steel 
the coefficient of expansion diminishes as the temperature 
increases; but this is probably due to the fact that heat 
deprives the steel of part of its temper, and that it thus 
becomes more like soft steel, which has a smaller coefficient 
of expansion than hard steel, as may be seen from the table 
of Unear expansion already given. 

Dilatation of Crystals. 

48. It is found that many crystals do not expand under 
heat equally in all directions so as to preserve their similarity 
of figure. MitscherUch has mvestigated at great length the 
action of heat upon crystals, and has obtained the following 
laws : — 

I. Cryslah of the regular system which do not cause double 
refraction dilate uniformly in all directions in the same manner 
as umrystallized bodies. 
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1. Crystah that are epiically tmiaxal are differently affected 
by heat in the direction 0/ the principal axis and in the direction 
of tht three iKimdarieit but in the direction 0/ the latter they are 
similarly affected. 

3. Crystals that are optically Maxal dilaU unequally in all 
directions. 

Mitscherlich believes he has determined, as the result 
of his investigations, that the tendency of heat in ciystals 
is to increase the mutual distance of the molecules in that 
direction in which this distance is least, and thus to equalize 
the distances in different directions and bring the axes into 
a state of equality. 

Remakes oh the Dilatation of Solids. 

44. The general law connected with the dilatation of 
solids is that enunciated at the commencement of this 
chapter, which states that such bodies expand when heated, 
but recover their original volume when they are restored to 
their original temperature. 

Neither of these statements is, however, universally true, 
and a angular exception to the first occurs in the case of 
Rose's fusible metal. Erman, and afterwards Kopp, have 
found that there is for this body in the solid state a point 
of maximum expansion through heat, after which, if the 
temperature be increased, it contracts instead of expanding. 
According to Kopp something of the same kind takes place 
in sulphur. 

A still more remarkable exception has recendy been 
brought to light in some experiments made by Fizeau, 
from which it would appear that iodide of silver contracts 
by heat and expands by cold, the phaenomenon being per- 
fectly regular and continuous between 10° and 7o°C. This 
curious exception has been investigated by Mr. G. F. Rodwell 
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(Pro. R, S. Dec. 1874), who has arrived at the following con- 
clusions. 

I. Iodide of silver exists in three allotropic forms, viz. 
(a) at temperatures between ii6''C and its fiising-point, as 
a plastic, tenacious, amorphous substance possessing a red- 
dish colour and transparent to light ; (j3) at temperatures 
below 116'^C, as a brittle, opaque, greenish-grey, crystalline 
mass; and {y) if fused and poured into cold water, as an 
amorphous, very brittle, yellow, opaque substance. 
■ a. That the iodide possesses a point of maximum denaty 
at or about ir6''C at the moment before passing from the 
amorphous into the crystalline condition. 

3, That if we allow a mass of molten iodide to cool, the 
following effects may be observed r— (a) at the moment of 
solidification a very considerable contraction takes place; 
(;3) the solid, on further cooling, undergoes slight and 
regular contraction after the manner of solid bodies in 
general, until (y) at or about ii6''C it undergoes sudden 
and violent expansion, passing from the amorphous into 
the crystalline condition ; (8) after undergoing this expan- 
sion the mass on further cooling undergoes slight expansion, 
and (t) the coefficient of contraction diminishes as the tem- 
perature decreases (or otherwise expressed the coefScient of 
contraction augments with the temperature). 

4S. In the second place, the statement regarding the re- 
covery by a solid of its original volume when it resumes 
its original temperature is by no means absolutely correct 
For if a solid be cooled very suddenly, in most cases its 
particles have not had time to bring themselves into the 
condition proper to the reduced temperature, and in con- 
sequence the substance Is in a state of constraint, which 
continues often for a very long time. This is probably the 
cause of the change of zero in a mercurial thermometer 
(Art. 23). For when such an instrument is made, or filled, 
,.,.,, t.oogk- 
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the bulb is heated and suddenly cooled, and hence its par- 
ticles have not had time to approach so near to one another 
as they vould have done had the process of cooling been 
very gradual. The bulb is therefore abnonnally dilated, and 
only recovers from this stale after a considerable time, 
during which a slow contraction takes place and the mercury 
is pushed up in the tube, or the zero appears to rise. 

In like manner when such an instrument is exposed to 
the temperature of boiling water and suddenly cooled, the 
bulb remains somewhat dilated, or the zero appears to have 
fallen, and only recovers its former position after ten days or 
a fortnight have elapsed. 

Magnus, and afterwards Phipson, have noticed a similar 
behaviour in certain specimens of the idocrase and garnet 
family. These have their density considerably diminished 
after having been heated to a red heat, but in the course of 
time they recover their former volume. 

Other instances of this behaviour might be mentioned, and 
the knowledge of the fact is of much importance in many 
of the arts. It is accordingly well known to workers in the 
metals and in glass that the utensils which they form from 
the molten material require to be very carefully and slowly 
cooled in order that the particles may have time to assume 
their most stable position, otherwise the structure is fragile 
and comparatively useless. The process by which this is 
accomplished is called annealing. 

It thus appears that time is an important element in the 
cooling of bodies; and with this reservation it may not 
perhaps be erroneous to assert that a solid body heated 
and very slowly cooled wilt regain its original volume on 
regaining its original temperature. 
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CHAPTER III. 
Dilatation of Liquids. 

46. Apparent dilatation and real dilatation. The 
cubical dilatation of a liquid may be either apparent or real. 
By apparent dilatation is meant the apparent increase of 
volume of a liquid confined in a vessel which expands but 
in a less degree than the liquid which it contains. By real ' 
or absolute dilatation is meant the true change of volume of 
the liquid without reference to the containing vessel. 

In order to find the real dilatation of hquids one of the 
following processes is employed. 

47. (Z) Method by thermometers. In this method the 
liquid under experiment is made to fill the bulb of a ther- 
mometer of which the internal voltmie or capacity ia sup- 
posed to be known at the various temperatures of observation. 
This bulb is attached to a graduated 'stem, and the internal 
capacity of each division of this stem is likewise supposed to 
be known. 

When this instrument has been filled with the liquid under 
examination it is exposed to different temperatures, and for 
each of these the position which the extremity of the liquid 
occupies in the stem is accurately noted. It is clear that by 
this means the volume of the liquid for each temperature 
becomes known, and hence the amount of its dilatation may 
be easily deduced. 

48. (II) Method by apeoiflo gravity bottle. Here a 
vessel, the internal volume of which is accurately known for 
all temperatures, is separately filled at each temperature with 
the liquid under exanunation, and the whole is then weighed. 

,.,.,, Coogic 
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The veight of the vessel when empty is also ascertained, and 
thus the weight of liquid which it contains at each tempera- 
ture becomes known. But the volume of this liquid is abo 
known ; hence its density, which varies as the weight of unit 
of volume, becomes known, and thus the dilatation may be 
detennined. In this method the kind of bottle generally used 
is one made of glass, having a glass stopper which fits it 
accurately. The stopper is ground out of a capillary tube, 
such as that used for the stem of a thermometer, and hence, 
when the bottle is filled with liquid and the stopper pushed 
home, any excess of liquid is forced out through the capillary 
orifice. The bottle ought to be filled in this manner at a 
temperature lower than that of observation, so that, when it 
is subjected to the higher temperature and the liquid expands 
the excess may escape by the orifice of the stopper and yet 
leave the bottle quite full. 

4e. (lU) Uethod by weUcbing a eolid in the 
liquid, or the areometrio method. In this method a 
solid whose volume is accurately known for each temperature 
of observation is weighed immersed in the liquid at these 
temperatures. The difference between the weight of this 
solid in vacuo and its weight in the liquid will give us the 
means of determining the relative density of the latter at the 
various temperatures. This will be seen from the following 
example : — 

Let us suppose that the volume of the solid at o°C is 
denoted by luiity, but at looX by i-oo6. Suppose also 
that the apparent loss of weight of the solid when weighed 
in the liquid at 0° is 1800 grains, while at 100° the same is 
only 1750 grains : 1800 grains is therefore the weight at 0° 
of a volume of the liquid equal to unity, while 1750 grains 
is the weight at 100° of a volume of the liquid equal 
to i-oo6. Hence i739"B6 grains will denote the weight of 
unity of volume of the liquid at 100°; and hence also. 1800 
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grains, which at o" occupied a volume equal to unity, will 
at 1 00° occupy a volume 

1800 

= i7i5^ = -°"'' 

or the dilatation between these two temperatures is repre- 
sented by "0347. 

60. Abeolnte dilstatioii of mercttry. In all these 
methods the capacity of the vessel or the volume of the 
solid employed must be known at the various temperatures 
of observadon, or, in other words, we must know its cubical 
dilatation. 

But the remarks in the preceding chapter (Art. 38) lead 
us to conclude that in order to determine accurately the 
cubical dilatation of a solid it is hardly sufficient to deter- 
mine the linear dilatation of another specimen of the same 
material and to multiply this by three, but the cubical 
dilatation ought, if possible, to be obtained by direct experi- 
ment. We have already seen (Art. 39) that in order to 
accomplish this it is necessary to know the absolute dilata- 
tion of some one liquid, such as water- or mercury. 

The problem before us is thus reduced lo the determina- 
tion of the absolute expansion of some one liquid, after 
which that of other liquids may be easily derived. This 
therefore is a determination of much importance; and since 
mercury has been chosen for the purpose, we shall now 
proceed to shew how the absolute expansion of this liquid 
may be found. 

81. The method about to be described was first employed 
by MM. Dulong and Petit. It consists in filling a U-shaped 
tube with mercury, one limb being kept at a low and the 
other at a high temperature. The portion of the liquid 
which is heated will of course be specifically lighter than the 
other, and hence the bo! column must be higher than the cold 
one, since die two balance each other hydrostatically. Thus 
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if Z>, // are the two densities, and H, If the corresponding 
heights, we shall have Di 1/ ; i IF : H, or Hhc heights will 
vary inversely as the densities. This method is perfect in 
principle, but it is almost impossible to keep a column of 
mercury at a constant high temperature and at the sam« 
time be able to observe accurately the position of the lop of 
the column. Regnault has however improved the apparatus 
so as to overcome this obstacle, and tlie following sketch 
will give an idea of the arrangement which he employed : — 
a b, i/b' are the two vertical tubes to be filled with mercury, ■ 
and these are connected logeSier near the top by a horizontal 
tube a a'. At the bottom they are not connected together, 
but a i is connected with the horizontal tube b c, and o' b' 
with b' t^. To the extremities of these horizontal tubes two 
vertical glass tubes eg, if ^ are attached, and these are 
both connected with a tube k i leading to a large reservoir f 
supposed to be filled with gas whose temperature is con- 
stant; hence the pressure of this gas in the tubes eg, 
^ ^ is also constant. Heat is applied to the tube a b, and 
by means of an agitator every part of this tube, including 
the mercury which it contains, may be brought to the same 
temperature throughout, and the value of this temperature is 
accurately ascertained. On the other hand, the tube i/ ^ is 
exposed to a current of cold water of a known constant 
temperature. 

The tubes ab,</b' are supposed to be filled with mercury 
until above the level ■zo', but we shall shew in the sequel that it 
is not necessary to know "the height of the fiuid above this level. 

Now let p denote the whole pressure due to the left- 
hand column of mercury, and p' the whole pressure due to 
the right-hand column. The pressure at c is evidently /, 
while that at if is/'. Hence the pressure aid^p — pressure 
of column ed, and in like manner pressure at if =/f—pies- 
sure of column r' 1^. But the pressure at (/is.equsd to that 
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at tf, both being equal to the pressure of the gas in the 
reservoir/"; hence we have 

p— pressure off </=/'— pressure oi if tf, 
and therefore 

"/'—/ = pressure of column i/tf—cd) . . .; (i) 

(hat is to say, the difference between the pressures of the 
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two great vertical columns is equal to the pressure of the 
column of mercury contained between the levels i/ and d. 
"Now since the tubes a b, a' h' communicate together by a y, 
it is evident from hydrostatical principles that the portions 
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of die two vertical columns above a 1/ are in equilibrium 
with each other, and therefore that the pressures of these 
two portions are equal. But/, or the whole pressure of the 
left-hand cdumn, = pressure of column n^+pressure <^ 
portion above a ', and in like manner p' ~ pressure of column 
</ &' + pressure of portion above a'. Now since the pressures 
above a a' are equal, it follows that 

/'—/-pressure of yi'— pressure of n j, . . , (b) 
and equating (i) with (a), 
pressure oif^ <f~cd) -pressure of a' 3'— pressure oi ab. 

We have thus obtained an expression for the difference 
in pressiu* between two columns of mercury {a 6, a' d') of 
equal length but rf different temperatures, and since there 
is no occasion to view the top of the column, we can perfect 
our arrangements for keeping the whole at the same tem- 
perature throughout, while by the insertion of an air ther- 
mometer alongside of a i this temperature may be measured 
with great exactness. By this means therefore the relative 
density of mercury at various temperatures may be deter- 
mined, and its dilatation thence easily deduced ', 

52. Using this method, and also a modification of it, 
Regnault obtained results which enabled him to construct 
a table giving the dilatation of mercury for every ten degrees 
Centigrade from o°C to 350°. But before exhibiting this 
table let us explain the distinction between the mean and the 
fnu coefficient of dilatation, as it is quite necessary to know 
this in the case of Uquids which change their rate of ex- 
pansion from one temperature to another. 

In general language, if we take a quantity of liquid whose 

' It has occiirred to the writer of this treatise that it might be possible 
accniately to ascertain ie length of the heated column in this eiperi- 
ment by means of an insulated metallic pointer that would allow an 
electric carrent to pass when it came into contact with the mercurial 
column. 
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volume at o°C is equal to unity, the mean coefficient of 
dilatation for i°C of the liquid between o° and any point is 
the mean rate of increase in volume of the liquid between 
these two points, that is to say, it is the whole expansion 
divided by the number of degrees included between the two 
points. 

Thus we see in the following table, second column, that 
the whole dilatation of mercury between o° and ioo°C is 
.018153 '< that is to say, 3 volume of this fluid equal to unity 
at 0° will at roo° be equal to i '018153. Now -018153 is the 
increase for 100°, and hence the mean increase for 1° will be 
the hundredth part of this or '00018153, which accordingly 
will be found in the third column opposite 100°, as de- 
noting the mean coefficient of dilatation of mercury between 
0° and that point. 

On the other hand, the true coefficient of dilatation of the 
liquid at any point is the rate of increase in volume of the 
liquid at that point, as the temperature goes on regularly 
incriaiing. 

It has been the general custom to refer this rate of 
increase to the original volume at zero, and the coefficient as 
so determined is given in the fourth column of the following 
table. For instance, the coefficient at 100° is found by this 
column to be '00018405; that is to say, if the temperature 
rises through a very small distance such as 1° and becomes 
ioi''C there will be an increase to the unit volume or 
volume which it had at zero represented by '00018405. It 
has, however, been remarked by Pouillet and by Tait that 
this is not the proper way of representing the true coefficient, 
but that the above increase of ■00018405 for 1° should have 
reference not to the volume at 0° but to the volume at 100°, . 
Hence according to this definition the true coefficient at 100° 
.00018405 __ 

,t„,oglc 
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The fifth column of the following tabh exhibits these true 
coefficients '. 

Table of the ahsolult dilatation of Mtrcury. 





Whole diliti- 








Trae tempe- 
rature 11 de- 


tiaiifh>mo''ta 


Mean coeffici- 


Coefficient of 




t°C ofaTolumc 


ent of dilatation 


dilalatioD at 


Ttoecoeffid- 


termined \>j 

an air tbenuo- 
metet ((). 


otmercaty 


between 0' 


("Creienedto 


ent^ 


eqailto 
onityMo". 


andrtX 


toLato". 




o 






.00017905 


-0001 7905 




.001792 


•00017915 


.00017950 


40017911 




■003590 


■000179s I 


-oooiSooi 


.00017938 


30 


■005393 


.00017976 


.00018051 


■00017955 


40 


■007101 


■oooiSooi 


.00018101 


000,7971 


S° 


■009013 


.0001S037 


.00018151 


■00017^89 


60 


ioiSSji 


.0001805 i 


.00018103 


.000:8006 


70 


■o"6ss 


.00018078 


.00018153 




So 


-omsi 


■00018101 


.00018304 


.0001S041 


90 


■016J1S 


.oooiSiiS 


<K«i8354 


.00018059 




■018153 


■00018153 


.00018405 


.00018076 




.019995 




.00018455 


.00018091 




.0.1844 


-00018103 


.00018505 


.00018109 


130 


.013697 


.00018118 


■00018556 


.00018115 


140 


■0*5555 


.00018154 


.00018606 


■00018141 


150 


.OJ7419 


.00018179 


.00018657 


.00018159 


160 


■019187 


.00018304 


«>oi8707 


■00018175 


170 


■031160 


■00018J19 


.00018756 


.00018190 


ISO 


■033039 


■00018355 


.0001S808 


■00018106 


190 


■03491* 


.00018380 


.00018859 


.00018111 


100 


.036811 


.00018405 


.00018909 


00018137 






■00018430 


<»oi8959 


■00018151 
.0001 8 167 






.00018456 


.00019010 


330 




■OOOI84SI 


.00019061 


■00018181 


J40 


•0444'5 
■0463»9 


■00018506 


^1001911 1 


.00018197 


'Z 


■OOOI853I 


.00019161 


.00018313 


■048147 


■00018557 


■00019111 


■00018317 


X 


■050171 


■00018581 
.00018607 


.00019161 


40018341 


-051100 


■00019313 


00018355 


J90 


■054034 


.000186.11 


.00019363 


00018370 


300 


■05S973 


<iooi8668 


.000194.3 


.00018384 


310 


■057917 


.00018683 


.00019464 


00018398 


3^0 


3?£ 


40018708 


.00019515 


00018411 


330 


<K>oi8733 


.00019565 


000.8416 


340 


-063:78 


.00018758 


-00019616 


00018440 


3SO 


■065743 


.00018784 


.00019666 


00018453 



' The accuracy of Regnault'a determination of the absoliite expansion 
of mercory has been conBnned by experiments veiy lecenlly made by 
Dr. A. Matthieisen by a quite diffeiwt method. 
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It will be seen from ttus table that the true coefficient of 
dilatation of mercury increases with the temperature. 

63. Dilatation of water. The determination of die dila- 
tation of water is also a point of much importance ; but before 
proceeding to this subject it will be necessary to notice a very 
striking peculiarity which this fluid exhibits with reference 
to its change of volimie through heat. 

If ice-cold water, or water at o°C, be heated, it does not 
at first expand as might be supposed, but contracts for about 
4^C, and after that begins to expand. It thus exhibits a 
point of maximum density. This beha- 
viour was illustrated by Hope by means 
of the following ingenious apparatus. 

Fig. 13 represents a' glass cylinder 
filled with water at an ordinary tempe- 
rature, and having holes made for the 
insertion of two thermometers, one near 
the lop and the other near the bottom. 
The middle of the cylinder is surrounded 

by an envelope filled with a freezing 

Fie 13. mixture. At first, as the temperature 

falls, the lower thermometer is very much 
affected, while the upper one falls but slowly. This con- 
tinues until a temperature about 4''C is reached, when 
the lower thermometer ceases to. fall, remaining stationary 
for some time. On the other hand, the upper one begins 
to fall more rapidly, and continues doing so undl it reaches 
the freezing-point. This behaviour is explained by sup- 
[tosing that water attains a point of maximum density at 
about 4°C, below which it expands instead of contracting. 
At first therefore the particles of water contiguous to the 
freezing mixture becoming denser descend, and are replaced 
by warmer particles from tieneath : and this process goes on 
until the water below A is reduced to 4''Cj while, on the 
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Other hand, that above the freezing siixture ia net 30 cold. 
But as the action proceeda, the water cxHitiguous to the 
free^g mixture having aheady attained its point of tnaxi- 
mum density, becotnes specifically lighter instead of heavier, 
and rising upwards rapidly cools the upper thermometer: 
all this wtule the lower thennometer remains stationary at the 
point which corresponds to the maximum density of water. 
Many observers have made experiments with the view of 
determining the temperature corresponding to the maximum 
density of water, and by the mean of all their detenninadons 
this appears to be as nearly as possible equal to 4°C, or 
39''.a Fahr. Various watery solutions also possess their own 
points of maximum density: but a very extensive series of 
researches made by M. Pierre tends to shew that for other 
liquids such points do not exist. 

64. Having made these remarks on this peculiarity of 
water and watery solutions, let us now exhibit a table 
framed by M. Despretz, in which the volume and density 
of water Is given at the various temperatures from —9" to 
ioo°C. It may appear anomalous that this table should 
descend below the freezing point of water, but we shall 
afterwards see (Art. 98} that this liquid, if kept perfectly 
Still, may be brought to a lower temperature than its usual 
freezing-point without assuming a solid state. 

These experiments were made according to the method 
first described in this chapter, or the method by thermo- 
meters (Art. 47). 
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Tablt of the density and volume of Waler,/rom—^°C lo loo'C, 
(ucording to M. Despreia (the density and volume at 4° tatm 
as unity). 



Tempt- 
mure 


Vohime. 


Denrity. 


Tempe- 


Volom.. 


Dean'ly- 


-9° 


I^i 6jl I 


0^6 ill 


;f 


1-0008751 


0-999135 


-8 


1-OOI373 4 


0.998 6j8 




0.998979 


-7 


I-OOII35 4 


0-998865 


•? 


i-ooi ao6 7 


0-99S 79^ 


-6 


1.0009184 


o^j99oSa 


18 




0.99861a 




1-0006987 


0-999 30J 


'9 


1-00.58 


0.998 41a 




1000 561 9 


0999*37 




1-00179 


0.998 m 




1.000413 I 


0-999577 






0^)98004 




1-000 307 J 


0.999 691 




I-OOl 13 


0.997 784 
0^)97566 




1^*001138 


0.999 786 


»3 


1-00144 




i«ooii6 9 


0.999873 


"4 


i-ooJ 71 


0.99; 397 




1-0000730 


0999937 


J5 


l-ooj 93 


0-996 Soo 




1-OOO033 1 


Oi>99966 


]6 


1^)03 ai 




i«ooooS3 


0999999 


'I 


•■O03 4S 


0.996563 




I-OOOOOOO 


l-OOOOOO 


aS 


1003 74 


0-996 J74 
0.995986 


s 


1000008 » 


0.999999 


"9 


1-00403 


6 


1-0000309 


0^*99969 


30 


1-00433 


oH»5688 


7 


1-0000708 


0-999919 


40 


100773 


0^(93339 


8 


1-0001216 


0-999878 


50 


l-Jiao5 


0.988093 




1-0001879 


0-999 81 J 


60 


i«i698 


0.983303 




i-ooo 1684 


0-99973' 


70 




0.977 947 




i-ooojsgS 


0-999640 


80 




0.965 567 
0.958 634 




10004734 


0.999517 


90 


1.03566 




1-000586 J 


0-999414 




'■043 15 




1-0007146 


0.999=85 









MatMessen's experiments. Matthiessen has recently made 
a series of very valuable experiments on the expansion by 
heat of water; the method employed by him being the areo- 
roetric method, or that of weighing a solid in the liquid. 

It was remarked in Art. 50 that in such a method the 
cubical dilatation of the solid employed must be known at 
the various temperatures of observation. It was also re- 
marked that in order to determine accurately the cubical 
dilatation of a solid it is hardly suiBcient to determine the 
hnear dilatation of another specimen of the same material 
and to multiply this by three, but the cubical dilatation 
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ought, if possible, to be obtained by direct experiment. This, 
however, cannot be done unless we know the absolute dilata- 
tion of some one fluid such as water or mercury. 

The uncertainty introduced into a determination of the 
expansion of water by the areometric method when we 
deduce the cubical expansion of an auxiliary solid from its 
linear expansion becomes, however, very small when the solid 
is one which has a very small coefficient of expansion com- 
pared with water. For this reason Malthiessen employed 
pieces of glass cut from rods of which in the first place he 
determined the linear expansion with great accuracy. 

The method which he adopted for weighing accurately 
these pieces of glass in water of different temperatures is 
exhibited in Fig. 14. The piece of glass to be weighed 
was attached to the end of a fine platinum wire hung from a 
balance-pan above. The hot water box below was made 
of zinc double sided and encased in wood. The covers were 
cut in two to allow them to be put on or taken off' with- 
out disturbing the fine wire. The stirrer was a square piece 
of zinc soldered to the wires RR. A draft pipe leading into 
a chimney where gas was burning served to draw off the 
Steam formed at high temperatures, thereby preventing its 
condensation on the platinum wire. It was found by ex- 
periment that this draft had not the slightest influence on 
the weighings. 

A Hlver cylinder filled with distilled water stood in the 
middle of the box, and in it the glass was weighed. The 
water in the box was heated by steam supplied by means 
of a small boiler heated by gas at some distance from the 
apparatus^ and by f:arefully regulating the gas it was found 
that any temperature between go° and ioo°C might.be kept 
constant for some time. 

The following table exhibits Matthiessen's results obtained 
by this process as compared with those of Kopp, Despretz, 
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and Piene. all of whom determined the expansion of water 
in glass vessels, and also with those of Hagen, who used 



the same method as Matthiesaen but withont the same pre- 
cautions. 
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Kopp. 


D«pt««. 


Pime. 


H»gcn. 


Hatthieuen. 


4X 


I'OOOOOO 


I-OOOOOO 


1-000000 


I-OOOOOO 


I-OOOOOO 




1-000347 


I oooiGS 


I-0OM7I 


1-000369 


1-000171 


is 


i-oosSiS 


1-000875 


1-000850 


1-000849 


1.000891 




I-0O1690 


1.001790 


1-001717 


I-OOI7I1 


1.001814 


3» 


1.004187 


1-004330 


■■004195 


1-004150 


I-00434S 


¥> 


i-~76S4 


1-007730 


1-007636 


I-J077II 


1.007730 


SO 


1.0.1890 


l-olloso 


1-011939 


1011994 


1.OU969 


60 


r.016715 


1.016980 


1-033064 


1.017001 


1.016964 


70 


loaajyi 




.011675 


.<,ii648 


80 


i-o»87o7 


1-018850 


1.018931 


i<j389S3 


90 


' -0355 '4 


1-035660 




■■035715 


i^>358"3 




1.C43114 


1-043150 


1-043777 


i«4i969 


1-043159 



It will be seen from this table that the detenninations of 
Matthiessen and Despretz agree very well together. Mat- 
thiessen also redetemuned the coefficient of expansion of 
mercuiy by weighing it (enclosed in a bucket) in water of 
different temperatures. By this means be determined ils 
mean coefficient of dilatation between 0° and ioo''C to be 
.0001813, a number closely agreeing with Regnault's, which 
was .0001815. 

5B. Dilatation of other liquids. The dilatations of 
a great many liquids have been carefiilly determined by 
M, I. Pierre, and he has embodied his results in expressions 
of the following kind — 

where i, represents the dilatation of unit volumes from 0° to 
fC, and where a, b, c are constants depending on the nature 
of the substance. This expression, he finds, generally repre- 
sents the expansion of a liquid with considerable accuracy. 
We derive from his results the following table, in which the 
approximate temperature of the boiling-point of each liquid 
is compared with its coefficient of dilatation at o°C. 



ogle 
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Approximale 
temp, of boiling 

grade degreet. per>tur< 



Chloride of ethyle . . . 
Oicide of etb^le (sulpharic et 
Biomide of ethyle . , . 
Iodide of methyle . . . 
Sulphurct of carbon . . . 
FormiWe of oiide of ethyie 
Terciloride of silicon . , 
Acetate of oiide of methyle 

Bromine 

- Melbylic sicohol .... 
Iodide of eihyle .... 
Acetate of oxide of ethyle . 
Alcohol 



Bichloride of tin . 

Amylic alcohol ■ . . 

Terchloride of atsenic . 

Bichloride of titanium . 

Terbiomide of ailicon . 
Terbromide of phosphor 

Mercury {Jiegnaull) . . 



630 
66.3 



rji-S 
IJ3-8 
1360 
'53-4 
'75-3 



.001 j^o 

.000979 
KJ00943 
■0009,113 
.O30S47 
.000179 



Sfl. It will be gathered from this table that In general 
liquids with high boiling-poinls expand less at the tempera- 
ture o°C than volatile liquids which boil at a low temperature, 
and it may be inferred that there is some connexion be- 
tween the coeEBdent of expansion of a liquid and Its 
volatility. This leads us to consider the dilatation of very 
volatile liquids. 

67. Dilatation of volatile liqoida. When we come 
to liquids, such as carbonic acid, which can only exist in 
this state at ordinary temperatures under very great pressure, 
we have reason to think that their coefiicient of dilatation is 
extremely great, Thilorier in 1835 had made the curious 
remark that liquid carbonic acid presents the anomaly of 
a liquid more dilateable than any gas, and he concluded 
from his observations that Its dilatation was .four times 
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59 



greater than that of air, M. Drion has since made very 
careful experiments upon several volatile liquids, and amoi^ 
them liquid sulphurous acid and chloride of ethyle. From 

these he has constructed the following table. 





Trmc 


■tefficiml of expansion for r°C. 




Tempe- 


Chloride Df 
.thyle. 


Sulphuiout 
acid. 


Tempe- 


Chloride of 
tthyle. 


»dd. 


lo 


SiSi 


s:i?t 


£ 


■oojfiis 


O03i?6 
■00J608 


30 
40 


.001699 

.0OI919 
■001045 


-001019 

■003192 


90 
130 


<)029IO 

•003J50 

■004306 
005031 


■oo4<47 
•004859 
■005919 
■007565 
■009571 



We may perhaps conclude that the coefficient of expansion 
of a liquid is very great at those temperatures at which the 
substance can only exist in the liquid slate under very great 
pressure. 

68. Contraotion of liquids ftom. their tioUing-pomts. 
Views perhaps analogous to those just mentioned in- 
duced Gay Lussac to compare the contraction of different 
liquids reckoned from their respective boiling-points, and 
he obtained the following result for alcohol and sulphuret 
of carbon. 

Table of Ihe cor^r action of alcohol mid sulphuret of carbon for 
successive iniervals of ^C, reckoned from their boiling-points, 
the volumes at these points being equal to 1000. 



T«npe- 

inteml. 


Alcohol 


Snlpfaaret 

ofrarbon. 


Tcmpe- 
inleryai. 


Alcohol. 


Su1ph«« 
of cubon. 


5° 


5-65 


l^^\ 


35° 


40-a8 


40.48 




"■43 




40 


45-68 


45-77 


15 


17-51 


1^8 


45 


50-85 


5-08 


JO 


H-H 


13-80 


SO 


S6-03 


56^)8 


»5 


19-15 


19*5 


55 


6101 


61.14 


30 


34-?4 


3S-06 


60 


65.96 


Mfe^. 
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It thus appears that the contractions of alcohol and 
sniphuret of carbon, reckoned in this waj, are as nearly as 
possible the same. Pierre and Kopp have both verified tlas 
iaw of Gay Lussac, and the fonner has shewn — 

1. That amylic, ethylic, and methylic alcohol follow nearly 
the same law of contraction, or, in other words, equal 
volumes of these liquids at their respective boiling-points 
will preserve their equality at all temperatures equidistant 
from these points. 

2. Thai the same law holds true for the bromides and 
iodides of ethyle and methyle ; 

3. And in one or two other cases : but that in general 
two Uquids formed by the combination of a common prin- 
ciple with two different isomorphous elements follow different 
laws of contraction starting from their respective boiling- 
points. 

68. In conclusion, on comparing this chapter with the 
preceding we are led to the following result ; — 

1. Solids have a niuck smaller coepcieni 0/ expansion titan 
liquids. 

2. The coefficient of expansion of liquids increases with the 
temperature. 

3. The coefficient of expansion of a liquid which only pre- 
serves its stale under very great pressure is probably very 
great. 
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CHAPTER IV. 
Dilalaiiott of Gases. 

60.' Before commencing tbe subject of this ch^er the 
reader's attention must be drawn to the following experi- 
tnent and law. 

Let t^ere be a tube shaped as 
in the accompanying 6gures, 
of a uniform bore throughout, 
and let it contain at the atmo- 
spheric pressure (equal, let US 
say, to 30 inches of mercury) 
a volume of air AB. If this 
air be shut out from the at- 
mosphere by mercury, then 
the surfaces £ and D of the 
mercury in the two limbs of 
the tube will be at the same ^^- «5- Fig- '6. 
level, since the pressure upon tbe surface at B is supposed 
equal to that of the atmosphere pressing at D. Now if 
additional mercury be poured into the tube undl Uiere is 
a difference of 30 inches between the levels B' and C, 
then it is evident that the air A' ff exists under the pres- 
sure of two atmospheres ; for we have not only the column 
of mercury C i/ = 30 inches tending to press this air into 
less volume, but we have in addition the pressure of the 
atmosphere upon the surface C, which is ^so equal to 30 
inches of mercury. Her>ce we have the air in Fig. 16 exist- 
ing at a pressure double of that in Fig. 15. Now it is 
an ascertained fact that the space occupied by the air in 
Fig. 16 will be one- half of that occupied by it in Fig. 15 ; 
and generally, provided the temptraturt remains tfie same, the 
volume which a gas occupies is inversely proportional to tie 
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pressure under which it exists ; or, in olher words, its densitj' 
is proportional to its pressure. This law is known as that 
of Boyle or Marriotte. 

61. But if the temperature be increased, the air will on 
this account alone lend to expand, and one of two things 
will happen, i. If we wish to keep the air always occupying 
the same space we must employ additional pressure ; 2, If 
we wish to keep it exerting the same pressure we must 
allow it to occupy additional space. Our subject thus 
naturally divides itself into two parts. In one of these 
we determine the relation between the pressure and tem- 
perature of a gas whose volume is constant, and in the 
other we determine the relation between the volume and 
temperature of a gas whose pressure is constant. 

If we imagine Boyle's law to hold rigidly for gases, then 
the two cases are connected with each other in 3 very 
simple manner. For if a gas whose volume is V and pres- 
sure P at o°C has at f and under the same pressure the 
volume V, then it is clear that were it constnuned to 

V 
occupy its old volume its pressure would ht P %—• 

Thus, whether we adhere to the method of constant 
pressures or to that of constant volumes we should in this 
case have precisely the same proportional change for increase 
of temperature, this being in the one case change of volume, 
and in the other charge of pressure; but it has been deemed 
right to detennine the change by both methods, and we 
shall see in the sequel that the two values thus found are not 
precisely the same, 

82. The fact of the dilatation of gas may be easily proved 
by filling a bladder nearly full of air, tying its orifice, and 
beating it; it will then soon appear to be quite full, the 
contained air having expanded by heat under the constant 
pressiu'e of the atmosphere, t 1100 1,- 
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Dalton in this country and Gay Lussac' in France were 
the first who investigated the law of expansion of gases 
with any considerable success, and they were both led to 
the conclusion that all gases expand equally for equal incre- 
ments of temperature. With regard, however, to the precise 
law which connects together volume and temperature, there 
was a difference in the result obtained by these two philo- 
sophers. According to Gay Lussac, the augmentation of 
volume which a gas receives when the temperature in* 
creases i" is a certain fixed proportion of i/s initial volume 
at o°C; while according to Dalton, a gas at any tem- 
perature increases in volume for a rise of 1° by a constant 
fraction of its volume at that temperature. 

Gay Lussac's law may be expressed as follows. 

Let V^, V, denote the volumes at o°C and i" of a certain 
quantity of^as existing at the pressure P, then these two 
volumes are connected with one another by means of the 
following formula— jr ^ j/ r , . „rt . 

where a is the coefficient of expansion, nearly the same for 
all gases, which it is the object of experiment to determine. 
From this equation we derive at once the relation between 
the temperature and the density (density being represented 
by the mass contained in unit of volume) of air whose pres- 
sure remains constant. For let D denote the mass of air that 
occupies unit of volume at o°C ; this mass will at i° occupy 
a volume equal to i+at, and hence the mass of unit volume 

or the density at this temperature will be ■■ • 

The dilatation of gases has since been investigated by 
Rudberg, Dulong and Petit, Magnus, and Regnault, and the 
result of their labours leaves little doubt that Gay Lussac's 
method of expressing the law is much nearer the truth than 
' Charles appears lo have been the first to discover that the coefficient 
of dilatation is nearly th« same in all pennanenC gases. tiook' 
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Dalton's. It has also been ascertained that the coefBcient 
of dilatation is not precisely, although very nearly, the same 
for all gases. The experiments of Regnault were conducted 
with veiy great care, and we shall now shortly describe, in 
the first place, his method of ascertaining the increase of 
pressure of a constant volume of air between 0*^0 and 100°, 
and, in the second place, bis method of ascertaining the 
increment of volume between the same limits of air of 
which the pressure remains constant 

68. Belation between pressure and temperature of 
air whofie Tolnme remaina the same. The following 
description of an apparatus, nearly the same as Regnault's, 
and used by the author of this work for the same piupose, 
will enable the 
reader to under- 
stand the me- 
thod pursued in 
this investiga- 
tion, 

A bulb h had 
its volume at 
o^C and roo^C 
accurately de- 
termined by 
being gauged 
by mercury at 
these tempera- 
tures, as de- 
I scribed in Art. 

39; and the con- 
tained air was 
also thoroughly 
'^' '"■ dried by being 

passed through a desiccating apparatus. The capillary 
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temunadon of tbe bulb was then attached to a tnbe T, 
connected with another tube T' which was open to the 
atmosphere. 

The lower terminations of these tubes were fitted into a 
reservoir R containing mercury, and this reservoir might be 
enlarged or contracted at pleasure by means of a screw S 
which moved a piston out or in. 

The whole apparatus was made to rest firmly on a slab of 
slate. The experiment consisted of two parts : the bulb h 
was first of all surrounded by melting ice, and by means of 
the screw 5 the mercury was forced to the height h in the tube 
T, and the difference of level between the surface of mercury 
in the two tubes was read by means of a cathetometer, which 
is -an instrument for measuring vertical heights. Addii^ 
this to the height of the barometer, which was observed at 
the same moment, the whole pressure under which the air in 
the bulb existed at the temperature of melting ice was thus 
ascertained. Let us call this P. The bulb h was next attached 
to a boiling-water apparatus, as in the figure, and by means 
of the screw S the mercury was forced up to the same height 
h in the tube T. Since the pressure of air increases with the 
temperature, it is evident that the pressure will now be 
greater, and that in consequence the mercury will be pushed 
higji up in the tube T', Taking the difference of level as 
before, noting the barometer, and adding the two heights 
together, we get the whole pressure under which the air now 
exists at the temperature of boiling water. Let this pressure 
be called P'. It is now very easy to construct the formula 
which mnst be applied. 

Let the temperature of the surrounding atmosphere, as 
also that of tbe mercury in the tubes and reservoir, be /° C ; 
and let 7° denote the temperature of boiling water at the 
present atmospheric pressure, 

Fttrtber, let V denote the internal volume at o°C of tbe 
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bulb b and of that portion of the capillary tube which is sub- 
jected to the beating and cooling agents, and let v denote the 
internal volume at o°C of that portion of the tube T above 
the mercury which is not subject to the influence of these 
agents, but which contains air having the temperature /. 

Also let ■ denote the coefficient of expansion for i''C 
of the glass, and let a denote the corresponding coefficient 
of increase of pressure of dry air whose volume remains 
constant — this being what we wish to detennine ; and, finally, 
let us denote by D the mass of air which occupies unit 
volume under unit of pressure at the temperature o°C. 

Then D P V (according to Boyle's law) will denote the 
mass of that portion of the enclosed air existing in the bulb 
(volume «- V) at the temperature o°C and under the pressure 
P when the bulb is surrounded by melting ice ; also (Art. 62) 

^ will denote the mass of that portion of the 

1 + 0/ ^ 

enclosed air existing at the same time in the tube (volume 

» w (i -H k/)) at the temperature of the atmosphere ( - /) and 
pressure P. Hence the whole mass of enclosed air will be 
denoted by ^^ ( y^ »(i + «/) ^^^ 

Now let the bulb be subjected to the temperature of 
boiling water (^-T). The volume of the bulb then becomes 
F(i + k7^, and hence the mass of air existing in the bulb 
at this temperature and under the pressure P" will be 
DP" V(\ + kT\ 
i — = — ' ) while that existing in the tube (vol - 0(1 + k/)) 

at the temperature of the atmosphere ( - ^ and pressure P' 

will.be i '-• 

^ 1 + 0/ 

Hence the whole mass of enclosed air will be denoted by 
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Sut since the mass of air remains unchanged, being enclosed, 
we have (i)-(a); and hence, since D'\% a. common factor, 

^V^ I+a/ J ^\ i + ar + 1 + 0/ J' 
where everything is known but a, which may thus be easily 
detennined. By a similar method Regnault found that if 
onity denote the pressure of a given volume of dry air at 
o°C, its pressure at ioo°C if confined to the same volume 
will be 1.3665. The author of this work has obt^ed a 
somewhat larger increase, but we may probably assume the 
above number to represent the increase of pressure of air 
of constant volume with great exactness. 

ei. Dilatation of air between 0°C and 100°C nnder 
constant pressure. A slight alteration in the apparatus 
of Fig. 1 7 enabled Regnault to make this experiment. Here 
the air will of course expand and occupy part of the tube T, 
and it will therefore be necessary to surround the two tubes 
T, J* with water of a constant temperature, since nearly 
a fourth part of the enclosed air will exist in T, and its tem- 
perature must therefore be accurately known. By means of 
the screw S the mercury in the two tubes is brought as 
nearly as possible to the same level, both when the bulb 
is in melting ice and when it is in the boiling apparatus, 
60 that in both these cases the pressure will be as nearly 
as possible equal to that of the atmosphere. Any small 
difference of level between the two tubes is read by means 
of a cathetometer, and the barometer is noted ; so that the 
whole pressure imder which the air exists in the two cases is 
accurately known; but these pressures will in this experi- 
ment be very nearly the same in both. By calibrating the 
tube the additional volume occupied by the air at the high 
temperature may be determined, and thus the coefficient of 
expansion becomes known. 

From these and other experiments Regnault has concluded 
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that while the dilatation of air between o°C and ioo°C is 
equal to .3665 of its volume at 0° when this dilatation b 
calculated by means of the law of Boyle from the change 
oi pressure of air of which the volurne is constant ; yet when 
the dilatation is deduced directly from the change of volume 
while the pressure remains constant this coefficient is some- 
what increased and becomes .3670. 

Dividing these results by 180, we find the coefBcient which 
denotes increase oi pressure for 1° Fahr, of air whose volumt 
is constant - .002036. 

Also, the coefficient which denotes increase of volume for 
i" Fahr. of iur whose pressure is constant = .002039. 

6S. Dilatation of other gases at ordinary pressures. 
Regnanlt has investigated this subject minutely, and has 
found that different gases have notably different coefficients, 
and that the coefficient of the same gas differs according as 
it has been determined by the method of constant pres- 
sure or by that of constant volume. He gives the following 
results: — 

Dilatation between ©"C and lOo'C. 



Hydrogen 

Atmospheric »ir 

Nitrogen 

Caib^c oxide 

Carbonic add 

Protoxide of oitiogeii 

Snlphuroos acid 

Cyanogen 

It will' be noticed in this Hst that sulphurous acid and 
cyanogen, which have the greatest coefficients, are gases 
which may easily be liquefied ; while, on the other band, the 
three permanent gases which have never been liquefied until 
very recently have small coefficients. 
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66. Dilatation ctf gases existing under difibrent 
pressures. The following law has been deduced by 
Regnault; — "Air and all gases exc^i hydrogen have coeffi- 
cients of dilatation which increase to some extent with their 
density." 

Regnault has likewise enunciated the following very im- 
portant law; — "The coefficients of dilatation of the different 
gases approach more nearly to equality as their pressures become 
feeble, in stick a manner thai the law which is expressed by 
saying that all gases have the same coefficient of dilatation ought 
strictly to he coftsidered as a lau3 which applies only to gas 
m a state of extreme tenuify, but which is departed from as 
gases become compressed, or, in other words, as their molecules 
approach each other y 

A gas whose molecules are so far apart as not to exert 
any sensible influence upon each other may be called a 
perfect gas. 

67. Air Tbermometer. We are now in a position to 
discuss the air thermometer, to which in our first chapter 
we promised to return. 

If we have a series of thermometers with different liquids, 
such as mercury, alcohol, water, Ac, and all enclosed in 
envelopes of the same description, and if each instrument 
has been accurately pointed off and graduated in such a 
manner that I'C denotes the one hundredth part of the 
capacity of the capillary tube between o° and 100°, never- 
theless these instruments, if plunged into the same liquid, 
will not an register precisely the same temperature. 

But if we restrict our choice to thermometers with the 
same liquid, as, for instance, to mercurial thermometers 
made of the same kind of glass, we obtain instruments 
strictly comparable one with another, and these if plunged 
into the same liquid will ail indicate the SMne temperature. 

But though such instruments are comparable with «kch 
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Other, we are not yet sure if their common reading accu- 
rately represents the true temperature; for there is no 
obvious rea.soD why we should prefer a mercurial to an 
alcohol or ether thermometer, which would both give 
slightly different indications. The mercurial thermometer 
stands therefore in the following position : — dififerent instru- 
ments of this kind may be made to give identical indications, 
but yet we cannot rely upon these for accurately measuring 
temperature; nevertheless we cannot suppose that they are 
very far wrong. 

Let us now employ a gas or air thermometer, and confine 
in envelopes of the same material different gases of suffi- 
cient tenuity and not liable to be easily condensed, and let 
us suppose that we have the means of ascertaining accurately 
the pressure which they exert upon their envelopes; and 
let us also in the meantime disregard the expansion of 
these envelopes. Now if all these gases have a common 
pressure at o°C they will all have a common pressure at 
loo^C, or at any other temperature. If we make use of 
this pressure to determine the temperature, we have thus 
obtained different instruments whose indications are com- 
parable with each other turn allhough the gases with which 
they art filled art diffirenf. Gases, if of sufficient tenuity, are 
therefore in this respect superior to liquids ; and it only now 
remains for us to determine the precise law which connects 
together the temperature and pressure of a gas in order to 
tnake a perfect thermometer. We have various reasons for 
imagining the law announced in art. 62 to be correct, at 
least in the case of perfect gases. This law, taken in con- 
nexion with that of Boyle, asserts that if the pressure of 
a constant volimie of gas be unity at o''C and 1.3665 at 
joo°C, then the pressure at so^C will be the mean between 
these two numbers, or 1.18333. Strictly speaking, it is 
impossible to prove this law experimentally with preciaon. 
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for to do so implies the previous possession of an accurate 
instrument for measuring temperature. Now we have seen 
that the mercurial thermometer is not trustworthy, while 
for the purpose of this proof it must be presumed that 
the air thermometer does not yet exist, since in order to use 
it we- must have a knowledge of this very law which we wish 
to prove. The case stands thus ; if we employ mercurial 
thermometers (which we cannot imagine to be far wrong), 
this law is found to give a near approximation to the 
experimental result. There is, however, a small difference, 
and the cause of this may be either that mercurial thermo- 
meters are not quite right, or that the law itself is only 
an !q>proximate expression of the truth. Now, m the first 
place, we know very well that mercurial thermometers are 
not absolutely correct, and in the next place, with regard 
to the law, its extreme simphcit^ is in its &vour, and we 
shall afterwards see that there are theoretical reasons for 
supposing it to be correct, at least for perfect gases. 

In fine, we apprehend that a perfect gas obeys this 
law, and may be made to furnish us with a perfect ther- 
mometer, and if we cannot procure a gas that is quite 
perfect, yet atmospheric air deprived of moisture and car- 
bonic acid is a substance sufBciently good for all practical 
purposes. 

Although the air thermometer is in principle peculiarly 
fitted for the determination of very high temperatures, yet 
there are considerable mechanical difficulties in the employ- 
ment of the instrument in such cases. Regnault has lately 
invented two modifications of this instrument in order to 
render it suitable to measure the temperature of furnaces 
(see Annales de Chimie for September 1861). In one of 
these vapour of mercury is the gas employed, and the 
instrument is constructed as follows. There is a kind of 
flask, either cylindrical or spherical, which may be either of 



73 



DILATATION OF GASES. 



cast or wrought iron, of platinum or of porcelain : the mouth 
is closed by a plate containing a small aperture. From 15 
to 20 grammes of mercury are added to this flask, which 
is then placed in that part of the fiimacc the temperature 
of which we desire to know. The mercury soon boils, 
its vapour expels the air by the orifice, and the excess 
of mercurial vapour goes off by the same means. When 
the apparatus has acquired the temperature of the furnace 
the flask is withdrawn and made to cool rapidly, and the 
mercury which remains in the flask is weighed. It may 
be weighed directly, or, if it contains impurity, it is dissolved 
in acid and estimated as a precipitate. This weight is 
that of the vapour of mercury which filled the flask at the 
temperature of the furnace, and the volume of the flask 
as well as the density of mercurial vapour bemg known this 
temperature may thus be determined. 

In conclusion we append the results of a comparison made 
by M. Regnault between an air thermometer and a mercurial 
thermometer with an envelope of crown glass. 







Tempmlure given 


mercurUt thennomeu 




with envelope of 




crown glau. 


looX. ... 


100° 




119-95 


;s ::: 


139-85 


^19-IA 


180 


179-63 


ioo 


199.70 




»i9-8° 


is ;:; 


K 


aSo 


.80.5) 


300 


301.0S 


3»o 


3"-8o 


340 


343-00 


350 


354-00 



:.. Google 



AJPPLICATIONS OF THE LAWS OF DILATATION. 73 

CHAPTER V. 

Applieaiims of the Laws of Dilalatim. 

68. Since all the bodies around us are subject to con- 
tinual change rf volume owing to their varying temperature, 
it is necessary to take account of this in very many opera- 
tions and investigations whether of a scientific or striclly 
practical nature. Let us, in the first place, proceed to 
describe the influence which change of temperature exerts 
on our standards of length, mass, density and time. 

Standards of Length. 

68. Supposing that a yard is taken to denote a certain 
absolute distance, and that the length of a bar is precisely 
one yard at the temperature 62° Fahr., it is clear that, owing 
to the expansion of the material cA the bar, its length will be 
greater than a yard for temperatures higher than 62°, but 
less than a yard for temperatures below 62°. 

If now we employ this bar as a standard by means of 
which to measure the absolute distance between any two 
points in terms of the yard as a unit of length, and if it 
be inconvenient or impossible to make this comparison at 
62" Fahr., it will be necessary to know the precise tempera- 
ture of our standard bar in order that we may know its 
real length. 

The formation of a standard of length is an object of 
national importance, and we shallwow shortly describe the 
respective standards authorised by the laws of England and 
France. 

70. Eoglisb Btuidard. The Enghsh standard of length 
was formerly the parliamentary standard yard executed by 
Bird in the year 1760. A yard was defined to be the straight 
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line or distance between the centres of the two points in the 
gold studs in the brass rod formerly in the House of Com- 
mons, whereon the words " Standard yard 1760 " were en- 
graved, the temperature of the standard being fia" Fahr. 

On October 16, 1834, a fire occurred in the Houses of 
Parliament, in which the standards were destroyed. The bar 
of lySo was recovered, but one of its gold pins having a 
point was melted out, and the bar was otherwise injured, 

A committee was therefore formed to reproduce this 
standard yard in the best manner possible, and this was 
admirably accomplished chiefly through the labours of the 
late Mr. Sheepshanks. A new standard and four authorized 
copies were made and lodged at the office of the Exchequer, 
the Royal Mint, the Royal Society of London, the Royal 
Observatory, Greenwich, and the new palace at Westminster ; 
and it was enacted {July 30, 1855), " that the straight tine 
or distance between the centres of the two gold plugs in 
the bronze bar deposited in the oGBce of the Exchequer 
shall be the genuine standard yard at 62° Fahr., and if 
lost it shall be replaced by means of its copies." Many 
other copies of this standard have since been made, the 
errors of which have been very accurately ascertained. 
When the length of a substance has to be measured with 
precision it is necessary to compare it either with the 
standard or one of its copies of which the error is known. 
It ia here that the knowledge of the laws of dilatation be- 
comes of importance, for to make ihe comparison accuiately 
we must know 

1. The precise teBltjeratiu'e at which the comparison 

is made. 

2. The coeflScient of expansion of the standard used. 
Suppose, for instance, that our standard is of brass, and that 

we are comparingwith it a platinum scale at the temperature 
of 7a° Fahr., and that we find the length of our, scale to be 
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35.998 inches as read by the standard at this temperature; 
then in order to find the true length of our platinum scale at 
this temperature we must know the coefficient of expansion 
of the brass standard. Suppose this to be .00001 for iTahr.; 
dien if the standard is right at 62°, its length, or the true 
value of 36 apparent inches, will be = 36 inches x i.oooi at 
73°, = 36.0036 inches; and hence the true length of our 
platinum scale (which is .002 inch less than 36 apparent 
inches) will be as nearly as possible 36.0016 inches at the 
temperature 72° Fahr. 

If we now wish to ascertain its length at 62° we find the co- 
efficient of dilatation for platinum for io''Fahr. to be .000048. 
Hence its length at 63° will be as nearly as possible 
36.0016 

71 " 35-9999 inches. Thus we see that the two scales 

1.000048 ^^ "" 

agree almost exactly at 63°, while they differ sensibly at J 3" 
owing to the one scale being made of brass and the other 
of platinum. 

71. Frenob standard. The French standard of length 
is the mfetre, which represents with considerable accuracy the 
io,ooo,oooth part of a quadrantal arc of a meridian on the 
earth's surface. The French standard platinum mfetre made 
by Borda represents a mfetre at o°C, and all the copies of this 
standard are made so as to denote metres and parts of a 
m^tre at this temperature. One mfetre is equal to 39-37079 
English inches; that is to say, the length of the French 
standard platinum m^tre at 3 2° Fahr., or o''C, bears to the 
length of the En^sh standard bronze yard at 62° Fahr. the 
proportion of 39.37079 : 36 ; but this will not be the pro- 
portion between these standards if compared together at any 
common temperature. The French standard is sub-divided 
and mullipHed according to the decimal scale, and the re- 
lation between our measures and those of France wilt be 
seen from the following tables. , - , 
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Standards of Mass. 

73. These are sometimes tenned standards of weight, but 
they are in reality standards of mass, in the comparison of 
which weight is made use of, since the weights of bodies at 
the same place of the earth's surface are proportional to 
their masses. 

If all weighings could be made in vacuo, temperature 
would exercise no influence upon our measures of mass. 
But since weighings must be made in air, and since a sub- 
stance weighed in air is apparently lighter than in vacuo by 
the weight of air which it displaces, and since the weight 
of a certain bulk of air of given pressure depends upon its 
temperature, it is necessary to know this temperature in very 
accurate determinations: the effect is however veiy small. 
The following are the standards of mass authorised by the 
laws of England and France. 

73. English stuidard. Formerly m this country; the 
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Standard of mass was the double pound Troy made by 
Mr. Bird, and it was resolved that the pound Troy should 
contain 5J60 grains, and that 7000 such grains should make 
one pound avoirdupois. This standard was destroyed at thf 
burning of the Houses of Parliament, hut was restored in a 
very accurate manner by Professor W.H. Miller of Cambridge, 
with this difference, that whereas the old standard denoted 
one pound Troy, the new one represents one pound avoir- 
dupois. Accordingly a standard and four authorised copies, 
all made of platintmi, were constructed by this gentleman 
and deposited in the same places with the standard yard and 
its copies; and it was enacted, "that the platinum weight 
deposited in the Exchequer shall be denominated the impeiial 
standard pound avoirdupois, and that the Ti^T^th of it shall 
be a grain, while 5760 such grains shall denote one pound 
Troy." 

74. Frenob standard. In France the weight of a d^ci- 
m^e cubed of distilled water at the temperatme of its 
greatest density (supposed equal to 4°C) is adopted as the 
standard of weight, and is called the Kilogramme, while the 
gramme is a centimetre cubed of distilled water at the same 
temperature*. The following table exhibits the relation 
between French and English measures of weight :— 

Id Eogliih giaiitf. 

Millignnune 0.0154J 

Centlgranime 0.15431 

Decigramme i'S43*3 

Grwtune 'S-4333S 

Dec«gi«mme 154-3^349 

H«ct<%nuiuDe 1543.13^ 

"" i543"-3488o 



* It will tbns be noticed that considerBtioDB of t«mpentiire enter Into 
tbe fundamental conception of the French standard of weight, and in w 
&r it is differeat from the English poimd, which la merely an sibitiaiy 
ttandaid. We aliall afterwards take occasion to make loiae temarki aa 
tlw compaiative meriti of the French and Engliih systems. 



APPUCATIONS OF THE 



StANDABDS OF DaHSITY. 



76. In this country it was formerly the practice to deter- 
mine the comparative density or specific gravity of solids 
and hquida by comparing them at 6o°Fahr. with distilled 
water, also at 60°, reckoned as unity*, but the French 
pracdce is now generally adopted. For gas also the practice 
was usually stated to be a comparison at 60° with dry air 
under a barometric pressure of 30 inches of mercury at 6^*, 
but here also the French system has been adopted. 

In France the comparative density or specific gravity of 
solid and liquid bodies is determined with reference to that 
of water at its point of maximum density (supposed to be 
4°C), and the comparison is always made at o'C. Gases, 
again, are compared at o°C with dry air at o''C under the 
barometric pressure of 760 millimfetres of mercury reduced 
to o°C. The following examples will exhibit the effect of 
temperature upon determinations of density. 

Example I. — It has been determined by Regnault that the 
weight of a litre of dry air at o''C, and under the reduced 
■ pressure of j6o millimfetres of mercury at Paris, is i. 29318 
gramme ; find what is the weight at London of 100 cubic 
inches of dry air at 6oTahr. and 30 inches barometric pres- 
sure of mercury reduced to 6o°Fahr. Now a litre is equal 
to 61.02705 cubic inches (Art 71), also we have already seen 
(Art, 21) that 760 millimetres of pressure in Paris are equal 
to 29.914 inches in London at 32°Fahr., while (by the table 
of Art 52) we find that 29.914 inches of mercury at 32° are 
equivalent in weight to 29.914 x 1.00278 - 29.997 inches of 
mercury at 6o°Fahr. or iS^sC. Also 1.29318 gramme is 
equal to 19.9568 grains(Art. 74), and finally the comparative 

* A cubic inch of diitilled w&ter, in Tocno at <So°Fahr. opposed to 
weights alto In tkcuo, weighi %%»--j^ grtdot. 

, _ .t.iwgic 
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densities of gas existing under the same pressure at 32° and 
at 60° will be (Art. 64) in the proportion of 

(i + 28 X .00204) : I or of I.067 : i. 
Hence the required weight will be — 

ig.9568 X -2 X — — X — ~ " 30-940 grains; 

61.02705 29.997 1057 -* ='^ "^ 

where the first factor is on account of the difference between 
the capacities of the two measiu-es, the second on account of 
the difference of pressure, and the third on account of the 
diff^erence of temperature. 

Example II. — It has been determined at the Kew Ob- 
servattwy that the weight in vacuo at 62''Fahr, of a given 
voltmie of purified mercury is to that of the same volume 
of water in the proportion of 13590.86 to 1001.62 grains; 
what is the specific gravity of mercury at o^C according 
to the French method of computation? We find by the 
table of the absolute dilatation of mercury (Art. 52) that a 
unit of volume of this liquid at o°C will become 1.00298 at 
62°Fahr., or i6°,6C, Hence the weight of the above volume 
of mercury would at ©"C be 13590.86 x 1.00298 = 13631.361 
grains. 

In like manner we find by the table of dilatation of water 
(Art 64) that a volume of this fluid equal to unity at 4°C will 
at i6°6C be 1.0011437. 

Hence the we^ht of the above volume of water would at 
4'Cbe— 

looi.fizx 1. 001 1437 = 1002.766 grains; 
and hence the specific gravity of mercury according to 
the French method will be— 



13631^ 
1002.766 



13-594: 



a determination by Regnault gives 13.596. , -. , 

1-: . .LiOOgIC 
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Rekarks on the English and French Ststeus of 
Standards. 

76. The English standards of length and mass are 
arbitrary ; that is to say, a yard and a pound do not bear 
any recognised relation to any natural constant. 

On the other hand, the French chose their standard of 
length, or mfetie, as that distance which was supposed to 
represent the ten millionth part of a quadrantal arc of a me- 
ridian of the earth's surface, while their standard of mass, or 
kilogramme, professed to be the mass of a d^cimfetre cubed of 
distilled water at the temperature 4°C. On these principles 
Borda constructed the platinum m&tre and the platinum 
kilogramme, which have become the authorised standards 
of France. 

But whatever be the conception on which these standards 
were originally founded, it is evident that when once made and 
authorised they may to alt intents be regarded as arbitrary 
standards. For if future and accurate investigations should 
determine that one ten millionth of the earth's quadrantal 
arc is not exactly Borda's m^tre, and that a d^cim^e cubed 
of distilled water at 4'C is not exactly Borda's knogramine, 
the French nation would yet adhere to Borda's platinum 
m^tre and kilogramme as their standards; and were these 
standards destroyed, it is probable they could best be re- 
placed by means of copies. 

Nevertheless it is of importance to connect the authorised 
standards of a nation, always bearing in mind that they are 
in practice arbitrary, with certain natural constants supposed 
to be invariable : thus, for instance, to connect the standard 
of length with the length of a pendulum, vibrating seconds, 
or with an arc of a meridian, and also to connect the 
standard of mass widi that of length, afler the maimer of 
the French. 
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For it may be inferred from what we have said in Art, 43, 
that a standard of length, however carefully constructed and 
well annealed, may possibly in the course of time alter its 
length to a small but yet an appreciable estent. 

But we cannot perhaps so readily suppose that any such 
change can take place in the length of the seconds pen- 
dulum or in that of any arc of the meridian, and hence any 
change in the length of the standard, if such occurred, might 
be detected by occasional comparisons with these natural 
constants. 

In like manner a standard mass might ultimately become 
altered by slight abrasion of particles through frequent use, 
and it would therefore be of importance to connect it ftomr 
time to time with the standard of length. 

Another safeguard might be the construction of a standard 
made of granite or marble, or of some substance which has 
probably become cooled by a very slow natural process, 
and which may therefore be supposed to be thoroughly 
annealed. 

We remark, in conclusion, that the French system has 
some obvious advantages. In the first place, their standards 
of length and mass are divided and multiplied in accord- 
ance with the decimal system, by which means calculation 
is greatly simplified. Secondly, the mfetre becomes theii 
standard of length at o^C, which is the most convenient tem- 
perature. Again, although the kilogramme may not exactly 
denote the mass of a cubic d^dm^tre of distilled water at 
4°C, yet it does so very nearly, and hence the French chemist 
when he knows the specific gravity of any substance knows 
also the weight of one cubic d^cim&tre of that substance. 
For instance, if a substance have the specific gravity a.g at 
o°C, it means that a cubic d^cim^tre of that substance will at 
the temperature of o°C weigh a.5 kilogrammes. 
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system of weights and measures is very widely adopted by 
scientific chemists. 

Effect of Temperature upon Measures or Time, 
77. The rate of a clock depends upon the time in which 
its pendulum vibrates, and that of a watch upon the time of 
oscillation of its balance-wheel. Now the time of vibration 
of a pendulum depends upon its length ; and since change of 
temperature alters the length of a pendulum, it likewise alters 
its time of vibration, the general effect being that the higher 
the temperature the longer does the pendulum become and 
the more slowly does it vibrate. In like manner a change 
of temperature, by altering the dimensions of the balance- 
Wheel of a watch and the force of the spring, will alter its 
time of oscillation in such a manner that it will vibrate more 
slowly in hot weather than in cold. 

All good clock-makers endeavour to obviate these 
sources of error by means of certain compensations 
which we shall now describe. 

78. OrahBni'B mercnrial pendtdtiia. The 
first who attempted to compensate for change of 
length of a pendulum was Mr. Graham, an English 
clock-tnaker. The rod of his pendulum. Fig. i8, 
was made of glass, to the lower extremity of which 
was attached a cylindrical vessel contdning mer- 
cury. As the glass rod expands by heat the distance 
between the bottom of the vessel which contains the 
mercury and the point of suspension will become 
greater ; but since the column of mercury resting 
■""* ' on this base expands upwards its centre of gravity 
I is raised, or brought nearer the point of suspension. 
p. - The effect of the lowering of the centre of oscilla- 
tion due to the expansion of the glass may thus be 
counteracted by the rise d the same due to the expansion 
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of the mercury. The correction for imperfect compensation 
is made by raising or lowering the cylinder of mercury by 
means of a screw. 

70. Harrison's gridiron pendulum. Shortly after 
Graham, Mr. Harrison invented the arrangement in Fig. 19, 
which from its form is called the gridiron pendulum. The 
dark lines represent iron rods, the light lines brass or zinc ; 
and it is evident that the former, being 
attached to the upper cross-pieces, will 
expand downwards, while the latter, being 
attached to the lower cross-pieces, will ex- 
pand upwards. Hence the change of posi- 
tion of the bob due to a change of tem- 
perature will be denoted by the difference 
between the upward and the downward 
expansions. Let i be the length of iron 
expanding downwards, and k its coefficient 
of expansion, also let L' denote the length 
of the other metal expanding upwards, and 
let / be its coefficient of expansion, then 
if L K—L' / - o it is evident that the po- 
sition of the bob will remain unaltered, 
even though the temperature change. 

The correction for timing the pendulum 
is made by the screw d, while that for 
imperfect compensation is effected by p;_ ,. 
shifting one of the cross traverses. 

In some respects this pendulum is better than the mer- 
curial one, for should any cause render the bob of the latter 
somewhat warmer or colder than the rest of the pendulum, 
it is evident that this would produce its full effect upon the 
mercury, while the length of the pendulum rod would be litde 
altered. The gridiron pendulum, on the other hand, is not 
Uable to this imperfection. But here, as in other things, it is 
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better to avoid the source of error than to trust too much to 
the perfection of the compensating arrangement ; and some 
astronomers, in order to procure the greatest possible regu- 
larity in their clock-rates, have removed the clocks themselves 
to a place where the change of temperature is extremely 

80. Compensatioii balance for obrouometers. If a 

straight ribbon or bar be made of two metals of different ex- 
pansion firmly attached to one another, and if the temperature 
rise, then one of these metals will expand more than the other. 
Under these circumstances the ribbon will bend so that the 
most expansible metal will form the outside or convex sur- 
face of the curve, and the least expansible the concave. In 
like manner should the temperature fall the most expansible 
will form the inner or concave surface. 

Now if the balance-wheel of a chronometer be formed as 
in Figure zo', not with one continuous rim, but with a 




Fig. JO. 
broken rim of several separate pieces, all of which are fixed 

at one end and free at the olfaer, the free ends being loaded ; 
:o the aecretaiy of the 



LAlfS Of DILATATION. 85 

and further, if each piece be composed of two metals, of 
which the most expansible is placed outside ; then it is 
evident, from what we have just said, that on a rise of 
temperature the loaded ends will approach the centre. This 
may be so arranged as to counteract the effect produced 
on the rate of the chronometer by the matter of the 
wheel being thrown from the centre on account of the radius 
being lengthened through expansion. In practice, however, 
this method of compensation is very seldom perfect, and the 
rate of the best chronometer probably varies a litde from one 
temperature to another. In the Greenwich and Liverpool 
Observatories the temperature corrections of chronometers are 
ascertained ; and Mr. Hartnup, of the Liverpool Observatory, 
has given some very interesting examples of his method of 
applying a temperature correction to these instruments. 

Other Applications of the Laws of Dilatation. 
8L Breguet's metallia thermometor. A very sensi- 
tive thermometer has been 
made by M. Breguet on the 
principle just mentioned. It 
consists of a spiral (Fig. 21) 
composed of silver, gold, 
and platinum rolled together 
so as to form a very fine 
ribbon. In this state it 
is sensitive to an exceed- 
ingly small change of tem- 
perature, becoming coiled . 
or uncoiled, owing to the -, 
different expansion of the 
metals of which the com- 
pound ribbon is made. A 
needle attached to one extremity of the coil points to a scale 
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which is graduated experimentally by the aid of an ordinary 
thermometer. 

82. Boduotion of barometrio column. When the 
pressure of the atmosphere is expressed in the number of 
inches of mercury which it is capable of supporting, in order 
to render the statement complete it is necessary to know the 
temperature of the mercury, since this fluid has a different 
density at different temperatures. Thus we find {Art 52) 
that one inch of mercury at o°C will denote the same atmo- 
spheric pressure as r.005393 inches at so^C. 

Another thing to be noted is that the scale, by aid of 
which we read the column of mercury, even if correct, only 
denotes true inches and parts of an inch at fia^Fahr., if it be 
of English construction, so that at any other temperature 
allowance must be made not only for the change in density 
of the mercury but for the change in length of the divisions 
of the scale. 

Example. — Suppose that an English barometer with a 
brass scale, correctly graduated, reads 30 inches at 45°Fahr., 
what is the pressure in true inches of mercury reduced to its 
specific gravity at 3a°Fahr.? 

Since the scale is only correct (Art. 70) at 6aTahr., and 
since brass expands very nearly .00001 for I'Fahr., it fol- 
lows that 30 apparent inches at 45°Fahr. = — = 29.995 

true inches. Also the density of mercury at 3aTahr. {oro''C) 
is to its density at 45Tahr, (or V'.aC) as 1.001294 to i. 
Hence the atmospheric presstn-e in merctuy at 32°Fahr. 
^iU be — - 29.956 inches. 

In French barometers, on the other hand, the indications 
of the scale are correct at o°C, the same temperature to 
which the mercurial column is reduced, while the scale itself 
represents mlUimkres. 
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In comparing an English and a French barometer it is 
therefore necessary to reduce the indications of each to 
32'Tabr. ; that is to say, to find by the one the pressure of 
the air in inches of mercury at 32°Fahr., and t^ the other 
the same in millimetres of mercury at o'C. If both instru- 
ments are correct, their indications should then bear to one 
another the same proportion as inches to millimetres. 

88. ExpansLon BiLd oontraotioii of metals. It 
requires the apphcation of very intense pressure to produce 
the same change of volume in a solid or liquid body as that 
vhich is occasioned by a very small change of teiftperature. 
It follows from this that the forces exerted by solids in con- 
tracting or expanding, or by liquids in expanding, must be 
very great. If a strong vessel be entirely filled with a liquid 
and then sealed tightly, the vessel will burst if there be a 
considerable rise of temperature. 

In like manner it has been calculated, that a bar of 
wrought iron whose temperature is ig^Fahr. above that of 
the surrounding medium, if tightly secured at its extremities, 
will draw these together with a force of one ton for each 
square inch of section on cooling down to the surrounding 
temperature. 

This property was first made use of in Italy to pull to- 
gether walls which had bulged outwards. Iron bars were 
placed across the building and secured when in a heated 
state to the walls. As the iron cooled it contracted and the 
walls were thereby pulled tc^ether. 

The same device was afterwards practised in Paris, and 
also in Ireland when repairing the cathedral at Armagh. 

As another instance of the advantage which may be derived 
from the force of contraction, we may mention the familiar 
method by which tires are secured on wheels ; — the tire is 
put on hot, when it fits loosely, but on its contraction in 
cooling, it grasps the wheel with great force. 
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In all the arts it is of great importance to bear in mind the 
intensity of this force, sometimes with the view of guarding 
against its action, and sometimes in order to make it useful. 
Thus bars of furnaces must not be fitted tightly at their 
' extremities, but must at least be free at one end. In malting 
niilways also a small space must be left between the suc- 
cessive rails. 

Allowance must also be made for expansion and con- 
traction in the case of tubular and lattice bridges. The 
reader who has visited the Menai tubular bridge will have 
observed the arrangement made for this purpose, 

For a similiar reason wafer or gas pipes are fitted to 
each other by telescopic joints ; and, generally speaking, 
the effects which may follow change of temperature must 
always be taken into account by the constructor or en- 
gineer. 

It is probably also owing to the sudden change of volume 
from rapid cooling that tempered steel acquires that hardness 
which renders it so invaluable in the arts. 



CHAPTER VI. 

Change of State. — Liquefaction and Solidification. 

84. Very many of the substances with which we are ac- 
quainted may be made to appear before us, either in the 
solid, the liquid, or the gaseous condition ; but there are 
others that can only be compelled to do so with very great 
difficulty. 

Heat is the well-known agent which causes change of state ; 
and it always acts in such a manner that a substance passes 
from the sohd to the liquid, and from the liquid to the gaseous 
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state, by the addition of heat, and back again in the reverse 
direction by the withdrawal of this agent. This law is quite 
universal, and the order is never reversed; so that, although 
we cannot as yet solidify alcohol, we are quite sure that our 
only chance of success lies in abstracting heat from this 
liquid ; and in like manner, although we have not as yet 
succeeded in melting some substances, we are sure that if 
we ever succeed it will be by the application of great heat. 

86. Let us in the first place study the passage of bodies 
from the solid to the liquid state. 

The characteristics of these states are too well known to 
need lengthened description. We are all acquainted with the 
rigidity and permanence of form of a solid, and vrith the 
excessive mobility of a liquid which enables it readily to 
assume the form of the vessel in which it is placed; never- 
theless, although nothing is more marked than the difference 
between the characteristic properties of solidity and liquidity, 
there is a set of bodies that possess properties intermediate 
to those of these two states, and receive the name of viscous 
bodies. Treacle is a body of this kind. 

86. If a substance be capable of assuming the viscous 
slate, we find that it does so before it begins to melt, 
and that it passes gradually from a solid state through a 
semi-solid viscous state to that of a liquid of evident mobility. 
Sealing-wax is a very good example of a substance of this 
nature; when cold it is brittle, when heated it first of all 
grows plastic and finally melts. In like manner, before 
fltiidity iron loses its iiardness and becomes soft to such 
an extent that pieces may be easily welded together or 
moulded into any form; and this property of iron greatly 
enhances its value in the arts. Other substances might be 
mentioned, and a gradual passage from the solid to the 
liquid state characterises a large number of bodies. Further- 
more, cert£un substances even after they have become unmis- 



90 CHANGE OF STATE. 

takeably solid acquire certain properties, such as hardness and 
brittleness, in greater degree as the temperature continues 
to fall. Indeed, most' of our hard bodies have high melting 
points, and the diamond, which is the hardest, is not sus- 
ceptible of fusion even at a very high temperature. 

With many substances, however, the change from the solid 
to the hqnid state is very abrupt, and such substances afford 
the means of indicating with very great precision, by their 
altered appeaxance, the attainment of a certain temperature. 
Thus the temperature at which ice begins to melt is, imder 
ordinary circumstances, a constant point, and is so used in 
the construction of thermometers. 

87. But while there is a marked difference between bodies 
as to the abruptness with which they change their state, there 
is also a class of substances which change their composition 
in the act of changing their state. Such are saline solutions. 
In many of these 'a greater quantity of salt is retained in 
solution at a high temperature than at a low one, so that, 
when they are left to coo!, crystals of salt are deposited. 

With weak saline solutions, such as sea salt, we have how- 
ever a phenomenon of a somewhat different nature when 
the temperature is lowered. At a certain point which is con- 
stant for a solution of the same strength, the water solidifies 
as nearly pure ice, leaving the salt behind. 

In what follows we shall distinguish between those sub- 
stances which do not, and those which do, change their com- 
position in changing their state. Also, our remarks must be 
taken as referring to substances in which the passage from 
the one State to the other is not gradual but abrupt. 

Passage frou thr Solid to the Liqihd State, 

OR Liquefaction. 

88. FubIoh. Sabstanoes which do not change 

their composition in passing from the solid to the 
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liquid Btate. The following laws are observed by all such 
when melting:. 

1. Eaek suhstcmce begins (o mtU at 'a certain temptraUtre, 
which is constant for Iht same substance if the pressure he 
constant. 

2. The temperature of the solid remains at this constant point 
from the time when fusion commences until it is complete. 

%. If a substance expands in congelation its melting point 
is lowered by pressure, but tf a substance contracts in conge- 
lation its melting point is raised by pressure. 

89. The following table contains the melting points of 
various substances under the ordinary atmospheric pressure. 



Taile 
NimcofiDbitince. 


0/ melting points. 

Temp, of mdlmg point. 


Objerrer, 


Mercniy 


Fahr. 
-37-9 
-30 
+ 9-S 
3a 

'.Is' 

139 

451 

680 , 
810 

173J 

»9" 


Cent. 
-38-8 
-344 
-"-5 

44-» 
57-8 
97-9 
115-0 

a66.7 
3^6-7 
36<M) 

43J.O 

1J5O.0 

\^ 


Stewart. 


Bromine 

Ice 


Pime. 


Potassinin 

Sodium 


R<^nault. 


Tin 

Bismuth 

Lead 

Zinc 

Antimony 

SilTer(pote) 


Varna. 

•• 


French wionghl iron ... 

English wtonght iron... 


;; 



The higher points in this table are subject to considerable 
uncertainty. 

80. Cliaiige of density produced in the act of 
melting. It is probable that most substances expand in the 
process of melting, so that the liquid is of smaller spedfic 



9a CHANGE OF STATE. 

gravity than the solid; but there are some which contract. 
Ice is a familiar instance of this last class, being considerably 
lighter, bulk for bulk, than water. According to M. Brunner 
(fils), (Art. 40), the specific density of ice at ©"C is only 
0.91800, that of water at 4°C being reckoned equal to unity. 
The force with which water expands when it becomes ice 
is very great. On the other hand, mercury, phosphorus, 
paraffin, spermaceti, and many other substances, contract 
as they become solid. 

81. Latent heat of flisioii. When heat is applied to 
a pound of ice at the temperature of o°C, the ice is not 
instantly converted into water, but the process is very gradual. 
The reason of this is that a large amount of heat must first 
enter into the pound of ice at 0° before it becomes water 
at 0°. This heat is called latent, because it is absorbed by 
the ice without producing any rise of temperature ; and we 
may represent the process of liquefaction to ourselves by the 
following formula ; — 

Water at 0° = ice at 0° + latent heat. 
AU substances in passing from the solid to the liquid state 
absorb beat, and we shall afterwards shew how the amount 
of this may be measured. That absorbed by water is very 
great. The doctrine of latent heat was first taught by Dr. 
Black of Edinbiu-gh. The great latent heat of water serves 
to retard the melting of snows. If snow or ice at 33° were 
suddenly to be converted into water by the smallest addition 
of heat the inhabitants of valleys would-be exposed to terrific 
inundations, whereas by the gradual melting of ice this is 
prevented, and by the same means also these inhabitants are 
furnished with a continuous supply of water. 

82. Infloenoe of pressure upon the melting pcnnt. 
Professor James Thomson of Belfast anticipated theoretically 
the truth that the melting point of a body which expands in 

^congelation would be lowered by pressure while that of a 
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body which contracts in congelation would be raised t^ it. 
We shall afterwards give the reasoning by which this coa- 
chision was arrived at ; in the meantime we will content 
ourselves with stating that his brother's idea was verified 
experimentally by Professor Sir W. Thomson of Glasgow, who 
shewed that by a pressure of i6.8 atmospheres the freezing 
point of water (a substance which expands when freezing) 
was reduced 0.232° Fahr. (o^isC). 

These conclusions are in accordance with certain experi- 
ments origmally made at Quebec by Major Williams and 
repeated by Boussingault, which shewed that when the re- 
sistance of the envelope surrounding freezing' water exceeds 
the expansive force developed, that resistance prevents the 
formation of ice, so that the water will remain fluid. 

EuDsen afterwards found that the melting points of paraffin 
and spermaceti, both of which contract when freezing, were 
raised by the application of pressure. Thus spermaceti 
solidified at 47°.72C under the atmospheric pressure, but 
under a pressure of 156 atmospheres it solidified at 50°.89C. 

Hoptins made similar experiments, not only on sperma- 
ceti, but also on wax and stearin ; and finally, Mousson, by the 
enormous pressure of 13000, atmospheres, was able to lower 
the temperature of freezing water from 0° to — i8°C 

83. AIL07B and Fluxes. The fusing point of a mixture 
of bodies is often considerably lower than that of either of its 
components: thus, for instance, an alloy of five parts of tin 
and one of lead fuses at i94°C. In like manner Rose's 
fusible metal, consisting of four parts of bismuth, one of 
lead, and one of tin, fuses at gi^C, a temperature lower 
than that of boiling water. Alloys are much used in solder- 
ing and in taking casts. 

Similar results are produced by mixing salts together : 
thus a mixture of the chlorides of potassium and of sodium 
melts at a lower temperature than either of its constituents. 
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A mixture of equivalent quantities of carbonate of sodium 
and carbonate of potassium melts below the fusing point 
of either salt separately, and is used to facilitate the fusion 
of certain minerals in analysis. In like manner, fluxes are 
substances which, when added to an ore, promote the form- 
ation of a fusible medium, 

94. Solution. Substances vhioh change their oom- 
positioa in passtog from the solid to the liquid state. 
If we have a standard solution of any salt at the bottom of 
which are ciystals of the same salt, as long as the temperature 
remains the same there will be no change in the aspect of 
these crystals ; but in most cases a rise of temperature will 
cause some of them to dissolve and assimie the liquid state. 

95. Freezing mixtures. In solution, just as in fusion, 
a certain quantity of heat becomes latent; and this is some- 
times taken advantage of to produce intense cold. If two 
solids, or at least one liquid and one solid, on being mixed 
together produce a compound which is not sohd but liquid, 
we have generally the production of cold. 

The theory of freezing mixtures has lately been studied by 
Professor Frederick Guthrie (Proceedings of the Physical 
Society of London, 1875). He took in the first place some 
weak brine (one part of chloride of sodium and 24.2 parts of 
water) and found on subjecting it to cold that pure ice began 
to be formed at — i°.5C. The formation of ice continued, 
and the temperature sank until — a2°C was reached, the 
brine of course always becoming richer and richer in salt. 

He next took saturated brine and found that the applica- 
tion of cold caused it to become poorer and poorer, thus for 
instance : — 

Percent. 

Saturated biine at o" contained 16-1714 of Na CI 

MotbraliqaorafterkeeplDgat — ic^ „ I4'6si8 „ 

t. -16* ,. 141181 „ 



i3-88» 



oogic 
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It is thus clear that down to —22" the solidification im- 
poverishes the brine, a result which Professor Guthrie re- 
marks is inconsistent with the formation of ice alone as 
in the case of weak brine. He next took a quantity of 
brine which had been impoverished by being kept for an 
hour at —21° to —22° and subjected it to still greater cold, 
when the whole solidified and the temperature remained 
constant until the last drop had frozen; it then simk 
rapidly. 

The next remark is, that a salt-ice freezing-mixture is 
just capable of impoverishing saturated brine by withdrawal 
of salt-rich ingredients to such an extent that the utisolidified 
part is homogeneous in the sense of being solidifiable as a 
whole. Therefore —22° is the lowest temperature to be got 
by an ice-salt freezing mixture. 

Also the liquid portion of a salt-Jce freezing- mixture is 
a brine of such a composition as to resist solidification at 
the temperature of the freezing -mixture. And hence the 
liquid portion of a freezii^-mixture has the same composi- 
tion as the mother-liquor of a saturated brine from which 
the salt-rich ingredients have been separated by the external 
apphcation of a freezing-mixture. 

These conclusions, which extend to other substances be- 
sides Na CI, are next shewn to be favourable to the precision 
of the temperatures given by freezing-mixtures, and accord- 
ingly Professor Guthrie finds that such temperatures are 
very constant and comparatively independent both of the 
temperature of the salt employed and of the exact pro- 
portion used, and he appends (he following table in which 
low temperature is obtained by mixing the salt with from 
three to six times its weight of ice in lumps of the sat 
of a pea downwards. 
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Freesmg Mixtures. 



CuCI, -M-S 

KI . 



N«C1 

MeC1,+6H,0... 
SrCI, + 6H,0 ... 

jNH„SO. 

NH.Br 

NHiNO, ^ 

NaNO, 

NH.C1 

KBr 



KCl 

KjCrO, 

BaCl,+ aH.O ... 

SriNO, 

MgS0, + 7H,0... 
ZnSO.+ 7H,0 ... 

KNO. 

Na,CO, 

CnSo, + 5H,0 ... 
FeS0.+7H,0 ... 

K,SO. 

BaaNO, 

Kao, 

NH.CO,.... 



se. Influence of pressure upon solution. Mr. Sorb; 
Proceedings of the Royal Society, vol. xii., April 30, 1863) 
has found that pressure esercises upon the solubility of salts 
an inOuence analogous to that which it exerts upon the melt- 
ing points of bodies. Thus, when the united volume of the 
water and of a salt after solution is less than that of the 
water and salt separately before solution, or, in other words, 
where solution has diminished the volume, he finds that the 
effect of pressure is analogous to that which takes place 
where ordinary fusion diminishes the volume. In this case 
the solubility is increased by pressure, just as in the corre- 
sponding case the liability of ice to melt is increased by 
pressure (see Art, 9a). Again, where solution has increased 
the volume (as, for instance, where sal-ammoniac is dissolved 
in water), pressure lessens instead of increasing the solubility- 



Passagb fkou the Liquid to the Solid State, 
or s6lidification. 

97. Babstanoes which do not change their compo- 
sition in pa88iii« from the liquid to the BOlid state. 
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We have here two laws of the same nature as those which 
regulate fusion. 

I, Ewry siibsUtnct under ordinary cireunutances solidijies 
at a fixed temperature, which it the same as that of fusion. 

3. The temperature of the liquid remains at this constant 
point from the time when solidification commences until it it 
complete. 

If a liquid be allowed to cool very slowly, in becoming 
solid it often assumes the crystalline fonn, but most 
frequently we have the vitreous or amorphous State. The 
crystalline is, however, the most natural condition, and it 
will always be assumed when the particles have sufficient 
time to fall into their proper place ; and even after substances 
have become solid molecular change in the direction of 
crystallization often takes place. Thus brass or silver if 
repeatedly heated and cooled becomes brittle, and exhibits a 
crystalline structure. In like manner, a cannon that has been 
often fired will at last burst in consequence of a change of 
this kind ; and the vibrations to which the axles of railway 
carriages are liable gradually destroy the fibre and toughness 
of the iron, rendering it crystalline and brittle. 

98. It is possible to lower the freezing point by various 
means. Thus pressure acts in lowering the freezing point 
of water just as it acted (Art. 93) in lowering the melting 
point of ice. 

Again, water deprived of air and allowed to cool very 
slowly and without agitation may be reduced to — 6°C while 
still retaining its fluid state, and if it be enclosed in a tube, 
its surface covered with a film of oil, and the pressure of the 
atmosphere withdrawn, it may be reduced to — ia°C: but 
under these circumstances the smallest dilation or the 
presence of a little ice produces solidification. More re- 
cently M. Dufour appears to have shewn that globules of 
water suspended in oil remain liquid between the extreme 
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temperatures — ao'^C and + i78''C. Very frequently a glass 
vessel filled with water may be found liquid on a cold morn- 
ing, but the addition of a small piece of ice will, in a very 
few seconds, entirely change its appearance. 

This sudden formation of ice is accompanied by a ris^e of 
temperature of the whole Uquid, which mounts to the freezing 
point of water. The reason of this is, that ice requiring 
much less beat than water, leaves a quantity of beat free to 
raise the temperature of the whole liquid. 

Capillary attraction appears to retard the formation of ice; 
and M, Despretz has found that in fine capillary tubes water 
may be lowered to — ao^C without solidification. This cir- 
cumstance probably explains why the sap is not oftener 
frozen in the Qapillary vessels of plants. 

09. The great amount of the latent heat of water, combined 
with the fact that ice is lighter than water, are facts of great 
importance in the economy of nature. To make this clear 
let us see what occurs when a lake is frozen, supposing that 
the cold influence or abstraction of heat takes place over the 
surface of the lake. As the upper layer of water is cooled 
down it becomes heavier and sinks to the bottom, being 
replaced by a warmer and lighter layer from below : this 
process will go on until the whole water of the lake is reduced 
to 4°C, the point of maximum density of water. When this 
temperature has been reached the process above described 
is at an end, and any further cooling of the upper strata will 
not cause them to sink, since they become specifically lighter 
below 4''C. 

When the surface of the lake has been cooled down to 
o'C it will begin to freeze, but the process of freezing will 
go on very slowly, since a great quantity of heat must be 
taken from wafer before it becomes ice. 

Again, when a layer of ice is once formed it does not 
sink to the bottom, but remains on the top, so that the 
:.,-^=..e.OOglC 
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cooling influence can only freeze a second layer through the 
substance of the first, and so on. The ice formed thus pro- 
tects the water below, which remains at 4°C, a temperature 
which is not destructive to animal life. 

100. Begelatioii. Faraday was the first to observe a 
very curious property of ice. Two pieces of thawing ice if 
put together adhere and become one; and this adhesion will 
take place in air or in water, or in vacuo. It would also 
seem to be independent of the application of pressure ; and, 
provided the surfaces be smooth, when they are brought into 
the slightest contact, regelation ensues. Nor is it necessary 
that both surfaces be ice, for wool may be made to adhere 
to a block of thawing ice after tlie manner of regelation. 
The same thing takes place when a snowball is formed. 

lOL Probably the true explanation of this phenomenon is 
that advanced by the late Principal Forbes. He adopts the 
idea of the gradual liquefaction of ice which was deduced 
by Person from Regnault's experiments on latent heat, and 
supposes that true hard ice does not pass at once into water, 
but that there are intermediate stages in the process of 
liquefaction. The temperature of the true hard ice is by 
this hypothesis essentially- somewhat less than that of the 
ice-cold water, and the substance corresponding to the inter- 
mediate temperature is supposed to appear in a slightly 
viscous or plastic state, being as yet neither quite solid nor 
quite liquid, and also possesmg probably less than the latent 
heat of perfectly fluid water. In fact, ice in melting is here 
supposed to be similar to sealing-wax or wrought iron, both 
of which substances require a considerable range of tempe- 
rature in order to pass from the solid to the liquid state, 
while we may imagine that the whole latent heat is not 
acquired until perfect fluidity is reached. The difference 
between ice and wrought iron in melting would therefore 
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accomplished throughout a very small temperature range, 
in ircm it requires a very large one. The subjoined 
figure will approxi- 
mately represent the 
state, as regards tem- 
perature, of a cubical 
block of thawing ice 
■ on this hypothesis. 
102. Our concep- 
tion of latent heat 
{Art. 91) will require 
to be somewhat mo- 
dified in order to suit 
the hypothesis of gra- 
dual lique&ction, and we may represent to ourselves what 
takes place by means of the following diagram (Fig. 33). 

Let the whole range of tempera- 
lure between the commencement and 
the end of the process of liquefaction 
be denoted by AD, and subdivided 
into equal parts AB, BC, CD; also 
let AA' denote the whole heat of the 
body at temperature A; and sup- 
posing there were no such thing as 
latent heat, let BB' denote the heat 
of the body at temperature B, CC 
its heat at temperatiu'e C, and DD' 
its heat at temperature D. The 
latent heat will however have to be 
added to these heats, in order to 
express the total heat of the body 
at the various temperatures. Expressing this latent heat, 
which is supposed to increase gradually between the two 
fwiteeratures A and D, by B' Bf', C C, 1/ 1/', we have 




Fig, a 
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the whole lines B&', CC, DI/', denoting the whole heat, 
sensible and latent togedier, of the substance at the respective 
temperatures B, C, D. 

103. If now it be assumed that hard ice is essentially 
colder than ice-cold water, we can easily see why two wet 
pieces of ice will have the water between them frozen when 
they come into contact Fot the ice on bolk sides of the 
layer of water will now be colder than it, and hence a new 
distribution of heat will take place, the consequence of which 
will be that the water will be frozen, becoming aa it were 
the centre of the block. 

104. It might be said that the laws of conduction are 
against this hypothesis, and that we cannot conceive a piece 
of ice entirely surrounded for a considerable time by water 
at o°C, or a little over it, to have in its interior a tempe- 
rature lower than o°C, however small we may imagine this 
difference to be ; but we think this objection must vanish if 
it be assumed that the supposed intermediate states between 
ice and water correspond to intermediate quantities of latent 
heat For in this case the heat which is conducted from the 
outside into the body of a block of ice is not altogether 
influential in adding temperature, since in each small addition 
of temperature a certain quantity of heat becomes latent 
Let us consider, for instance, what would take place if a 
large mass of sealing-wax were to be gradually melted by 
agitation in a pan o£ liquid sealing-wax over the fire. As 
the heat was conveyed to the lump of wax, envelope after 
envelope would become hquid and drop ofi', mising with the 
liquid mass until a very small solid nucleus was left : but as 
long as there was left a solid nucleus, however small, we 
should surely be entitled to assume that the temperature of the 
centre of this nucleus was lower than that of the melted wax. 

We imagine that there is no impossibility in conceiving 
that something of the same kind takes place in ice. Heat 
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will no doubt be conveyed into the interior of a block of ice 
that is left for a long time in water a little above o°, but this 
heat (as remarked by Principal Forbes) will exhibit its action 
ratber in diminishing the size of the block of ice than in 
completely equalizing its temperature throughout 

105. Assuming this objection to be answered by these 
remarks, there are three questions started by the hypothesis 
which can only be decided by experiment. 

1. Is the interior of a block of ice in fact colder than 
the exterior \ 

2. Is the interior of sucha block harder than the exterior? 

3. Does soft ice possess more latent heat than hard ice ? 

With regard to the first of these points certain experi- 
ments made by Principal Forbes would seem to indicate that 
the interior of a block of ice is slightly colder than the ex- 
terior. For, in the first place, he found that a thermometer 
buried in the heart of a block of ice fell decidedly below 
o^C, and he also found that rapidly-pounded ice was colder 
than melting ice. This last experiment has been tried by 
the author of this work with the same result. With re- 
gard to the second point. Principal Forbes has remarked 
that the surface of a block of ice is much softer than hard 
cold ice. With respect to the third point. Person's deduc- 
tions from Regnault's experiments are in &vour of the view 
that soft ice possesses more latent heat than hard ice. On 
the whole, we think the gradual liquefaction of ice is a view 
which appears not only to be supported by analogy, but to 
be the best explanation of observed facts : nevertheless it 
would be desirable that this view should be confirmed by 
further experiments. 

- 106. Substances whioh ohai^^ their oompositioiL 
in paBBing flrom the liquid to the solid state. When 
a solid is dissolved in a liquid until it refuses to dissolve 
any further, we have what is termed a saturated solution. 
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But what is a saturated solution at one temperature will not 
be so at another. In general, a hot liquid dissolves more 
than a cold liquid. The consequence is that, if the tem- 
perature of a saturated solution be diminished, we have a 
deposition of solid matter in the shape of crystals, and the 
liquid which is left behind is saturated for the reduced tem- 
perature. If the solution contain two salts of unequal solu- 
bility, of different crystalline forms, and having no chemical 
action upon each other, a greater or less separation of these 
two salts may be produced by crystallization; by this means 
nitre is purified from common salt. 

107. Solutions are subject to the same anomalies as water 
and the like liquids. Thus if wc have a solution of Glauber's 
salt at a high temperature, and if it be allowed to cool 
gradually and at rest without the admission of air, it will 
retain the salt in solution, even though the temperature be 
much reduced. But if it be agitated, or if air be admitted, 
or, better still, if a crystal of Glauber's salt be dropped into 
it, ciystallization will immediately commence, attended, as 
in the case of water, with a rise of temperature. 

Mr. C. Tomlinson has lately made a series of very inter- 
esting experiments on supersaturated saline solutions, and 
has come to the conclusion that those substances which 
induce crystallizadon do so in consequence of not being 
chemically clean. The subject has likewise been inves- 
tigated by Professor Liversidge and Mr. John M. Thomson, 
This last experimenter believes, as the results of his expe- 
riments, that truly isomorphous bodies — that is substances 
possessing the same chemical composition and crystalline 
form — are active in causing the sudden crystallization of 
each other, 

108. If instead of a saturated solution we have a weak 
solution of certain salts, such as sea water, this, when lowered 
in temperature, will change its state in a different way. At 
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a temperature which is always lower than the freezing: point 
of water such a solution will freeze, producing a nearly pure 
ice and leaving the salt behind. We have already recorded 
the experitnents made l^ Professor Guthrie on this subject. 



CHAPTER VII. 
Changi of State. — Production of Vapour and Hi Condensation. 

109. When sufficient heat is applied to a body it generally 
assumes the gaseous state; unless it be of such a nature 
that it will under ordinary circumstances be decomposed 
before assuming this state. By means of a certain appli- 
cation of electricity, it is probable that the mi»t relraclory 
substances, such as carbon, can be made to appear as gases, 
although only in very small quantity. 

Generally when a solid passes into the gaseous slate it 
first assumes the intermediate state of a liquid, but some- 
times its passage into the gaseous state is completed without 
the intermediate fonn of liquidity being assumed. This is 
called sublimation; while the passage of a liquid to the 
gaseous state goes under the general name v& vaporization. 
In whatever way the gaseous condition is produced it always 
requires a considerate amount of latent heat. Thus a pound 
of water at lOo'^C will absorb a great quantity of heat before 
it is entirely converted into steam, although the steam does not 
possess a higher temperature than i oo°. In the same manner 
as before we may apply the following formula, and say — 
Steam at ioo°-waterat loo^+latent heat of steam. 

The latent beat of gases is greater than that of liquids, 
and we shall afterwards shew how it may be measured. 
This latent heat has to be disposed of in some sensible 
form, when the gas which possesses it is reconverted into 
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a liquid, and thus the latent heat of gases is of great 
service in retarding the change from the liquid to the 
gaseoua or from the gaseous to the liquid state, which, but for 
the great latent heat of gases, would be inconveniently sudden. 
Elastic fluids have been divided into gases and vapours, 
but the distinction between these is merely convendonal. 
A vapour denotes a substance in the gaseous form which 
at ordinary temperatures appears as a liquid or solid, while 
a gas denotes a substance which under ordinary circum- 
stances appears in the gaseous form, and which can only be 
reduced to the solid or liquid form by intense pressure or 
intense cold. Our subject may be divided into the following 
parts, 

1. Vaporization, or the conversion of a liquid into a gas ; 
and sublimation, or the conversion of a solid into a gas. 

2. Liquefaction and solidification of vapours and gases. 

3. Pressure and density of vapours and gases, with a few 
remarits upon hygrometry. 

Vaporization and Sublimation. 

110. Vaporization is the general name for a process of 
which there are three varieties, namely — 

1. Evaporation, where a liquid is converted into a gas 
quietly, and without the formation of bubbles. 

2. Ebullition, where bubbles of gas are formed in the 
mass of the liquid itself. 

3. Vaporization in the tpheroidal condition, where a liquid 
evaporates slowly, although in apparent contact with a very 
hot substance. 

111. Taponrs are formed in vacuo more readily 
ttaan in air. The presence of air or of any foreign g^s 
retards the formation of vapours, but in vacuo a liquid is very 
quickly converted into vapour. If a small quantity of water, 
alcohol, or ether be introduced up through a barometer .tube 
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into the Torricellian vacuum at the lop, as soon as it reaches 
this it is converted into vapour, which shews itself by 
lowering the column of mercury by means of the pressure 
which it eaerts. This column, which originally denoted the 
pressure of the atmosphere, now denotes the pressure of the 
atmosphere minus the pressure of the vapour of the Hqtiid. 

112. Haxiiniiia of pressure in vacuo. If we continue 
to introduce an additional quantity of the volatile fluid into 
the Torricellian vacuum of a barometer, we shall at first 
probably perceive an additional depression; but as we go 
on we shall find that the depression does not increase 
beyond a certain limit, or, in other words, the pressure of 
the vapour we have introduced has reached a maximum, 
and the introduction of more liquid will not increase the 
density of the vapour. We shall further find that the 
maximum of pressure is regulated by the temperature in 
such a manner that the higher the temperature the higher 
is the maximum pressure, so that we are enabled to deduce 
the following law, first discovered by Dalton: — In space 
destitute of air the vaporization of a liquid goes on only until 
the vapour has attained a determinate pressure dependent on 
the temperature, so that in every space void of air which is 
saturated with vapour determinate vapour pressure corresponds 
to determinate temperature. 

Mr. John Aitken has recently made some experiments 
which tend to show that small particles have an acdon in 
promoting the condensation of aqueous vapour somewhat 
similar to that which they have in promoting crystallization 
from a super-saturated solution. The dust of the air may 
■ thus possibly be a factor of some importance in meteorology. 

113. Hixtores of gas and vapour in a confined 
space. The experiments of Dalton lead to the following 
law ; — In a spate filled with air the same amount of water 
evaporates as in a space destitute of air ; and precisely the 

,.;. ,t.,OOQlc 
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same relation subsists between the temperature and the pres- 
sure of the vapour f whether the space contains air or not. 

Thus if a closed space contain air of the pressure of 
30 inches at a temperature for which the pressure of aqueous 
vapour is 2 inches, and if a Uttle water be introduced, the 
pressure will rise to 32 inches; while if the same space be 
void of air the pressure of the aqueous vapour will of course 
be 2 inches. This, law of Dalton has been verified by 
Gay Lussac. More lately, Regnault has made experiments 
on this subject, and has investigated the pressures of the 
vapours of water, ether, bisulphide of carbon, and benzole, 
both in vacuo and in air. He has found that the pressure 
in ^r is always slightly less than it is in vacuo, the difference 
being greater for volatile liquids ; but he is inclined to 
believe that Dallon's law is true in principle, and that the 
differences which he observed were caused by the hygro- 
scopic properties of the sides of the chamber which contained . 
the vapours. 

114. Mixed liguidfl in a ooitfliied apaoe. Where a 
mixture of liquids is allowed to evaporate in a closed space. 
Gay Lussac inferred that the pressure of the mixed vapour 
was equal to the sum of the pressures of the two vapours 
taken separately. 

Magnus and Regnault have found that this holds for a 
mixture of bisulphide of carbon and water, or of benzole 
and water, of which the components do not dissolve each 
other ; but in other cases it does not hold. 

Thus for a mixture of ether and water the pressure is 
scarcely higher than for ether alone. If the liquids mix 
readily together in all proportions, then the vapour pressure 
is generally less than that of the one liquid and greater than 
that of the other. 

IIB. Eflbot of ohemioal affinity upon eraporation. 
If water be put into a confined space along with some sub- 
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Stance which has a great attraction for it and does not 
readily part with it, the vapour density may be much di- 
minished. Thus if a small quantity of water be mixed with 
a large quantity of sulphuric acid, the add will retain the 
water and will not suffer any of it to evaporate. 

On the other hand, if we have a large quantity of water 
and an exceedingly small quantity of acid, we shall have very 
nearly the usual pressure of vapour. 

Between these two extremes we may prepare solutions of 
intermediate strength which will diminish to a greater or less 
extent the pressure of aqueous vapour corresponding to the 
temperature of observation. 

A similar rule will hold for other solutions ; and if the 
substance mixed with the liquid whose pressure in a state 
of gas is sought be a fixed and not a volatile body, its 
tendency will generally be to prevent the liquid from eva- 
, porating, and thus to diminish the pressure due to vapour. 

116. Fresanre when two Teasels at difibrent 



Fig, 84. 
temperatures are in oommuiuoatioti with each other. 

In Figure 24, let us first suppose that the stop-cock at C 
is shut, and that two similar vessels A and B are en- 
tirely filled with water and vapour of water to the exclu- 
sion of air or any other gas. Also let A be,sun-oifnded 
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with ice, and let heat be applied to B, so that we may sup- 
pose A to be at the temperature of meitinjf ice and ^ to be 
at loo^C. In this case the pressure of the vapour in A will 
hardly be one-fifth of an inch, while in B it will be 30 inches. 
Now on opening the stop-cock, there will of course be a rush 
of vapour from B to A, and we may suppose that for a 
moment the pressure of the vapour will be the mean between 
the two original pressures, but the effect of the cold surface 
of A will be to condense this vapour and to render it as 
nearly as possible equal to the pressure at 0°, viz. one-fifth 
of an inch. If there be water in B more vapour will rise 
and pass to A, there to be condensed as before. In fact, 
the apparatus will now act as a still, and the water of B will 
be gradually transferred to A. The latent heat, set free by 
the large quantity of vapour which is condensed at A, will 
of course tend to raise the temperature of A ; but provided 
this temperature be kept steadily at or near 0° by a suffi- 
ciently powerful application of cold, the pressure in A will 
by this arrangement be kept very low, while the pressure of 
vapour in B will be somewhat higher than in A, and the 
dynamical effect of this inequality of pressure in these two 
vessels will be represented by the rush of vapour from B to 
A. The intensity of this rush wilt depend on the intensity 
of the source of heat : if the heat which enters B be suffi- 
cient to produce a large quantity of vapour in a short time, 
this vapour will rush very fast towards A, and a powerful 
freezing mixture will have to be applied in order to keep 
down the temperature of A, but if the source of heat be 
feeble the rush will be feeble also ; in fact, by this arrange- 
ment the vapour of water may be regarded as a vehicle for 
transferring the heat from the source at 5 to be spent in 
liquefying the ice or freezing mixture, or to be otherwise 
disposed of at A. 

If in the first part of this experiment, yAiea the cock C b 
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shut, the vessel B contuus no water in a liquid fonn, but is 
entirely filled with the vapour of water at lOo", then when 
C is opened this vapour will be almost immediately con- 
densed at A, and an approximate vacuum will be formed. 
We shall afterwards see bow this principle has been applied 
by Watt in the steam-engine. 

It will be evident that the perfection of vapour as a vehicle 
for carrying heat, as described above, depends upon the 
absence of air in the arrangement of the experiment. 

For if A and B be filled with air, each pardcle of vapour 
which is carried from ^ to ^ must pass through all this air, 
and the transmission of vapour will in this case be very 
difficult Professor O. Reynolds (Pro. R. S., May, 1873) 
shows that a small quantity of air in steam does very much 
to retard its condensation upon a cold surface. 

The following are various useful applications of (he pro- 
cess described above. 

117. DiBtillatioiL The subjoined figure will repre^nt 
this process. The Uquid to be distilled away is contained 
in A. It generally exists combined either with some fixed 
impurities or with some other liquid less volatile than itself, 
and the object of distillation is to separate it from these. 
This is done by applying heat to A and by attaching to it a 
tube, as in Fig. 25, the other extremity of which passes in 
coils through a vessel of cold water. The liquid is vaporized 
by the applied heat, and is then driven through this tube, but 
as it passes through the coils immersed in the cold water 
(technically called the worm), a comparatively lar^e surface 
ia exposed to the cooling agent, and the vapour is rapidly 
condensed, passing in drops from B into a bottle prepared 
to receive it. The vessel C through which the worm of the 
still passes must be kept cool ; this is done by constantly 
supplying it at a low level with cold water by means of a 
tube at D, and by withdrawing the hotter and therefore 
,, Cookie 
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lighter layers of the water at C; a constant current of cold 
water is thus made to circulate through the vessel. 



Fig. as. 

118. Cold due to evaporatdon. Freezing apparatua. 
Wheoever vapour is produced a quantity of heat is rendered 
latent. This heat is necessary lo the formation of vapour, 
and must be supplied either from some foreign source, or, 
if this be not available, from the very liquid which is being 
evaporated. In this last case the temperature of the liquid 
falls in order to supply the heal necessary to the existence 
of vapour. 

LesUe was the first to freeze water by means of the drain 
of heat caused by its own evaporation. 

In his experiment a vessel. Fig. 26, containing strong 
sulphuric acid is placed under the receiver 
of an air-pump, and above it a thin metallic 
vessel containing a little water. As the 
receiver becomes exhausted the water eva- 
porates more and more rapidly, and the 
vapour, as fast as it is formed, is absorbed 
by the sulphuric acid. The vapour thus 
becomes a vehicle for carrying heat from 
^e metallic vessel, and the consequence Fig. 16 
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is a diminution in temperature until ice is formed. Air- 
pumps are now constructed by means of which water may 
be frozen almost in the very act of boiling. They contain 
reservoirs of sulphuric acid into which the vapour drawn 
froto the water is forced at each strolte of the pump. 

An instrument called the cryophorus, or frost carrier 
{ffmat frost, i^opii bearing), very similar to that of Fig. 24, 
is sometimes used to show the freezing of water from its own 
evaporation. Thus if we suppose all the water to be in £, 
and only vapour of water without air in A, and if A is cooled 
by a powerful freezing mixture, while B is not exposed to a 
source of heat, then rapid evaporation of the water in B will 
take place, and this vapour will go to A and be condensed 
there as fast as it is formed. 

Heat is thus carried, as before, from B to A, but as there 
is now no source of heat at B the wafer there must part with 
its own heat in order to furnish that which is necessary for 
evaporation, in consequence of which it will be frozen. In 
this' experiment it is well to protect B from the influence of 
currents of air. 

When other liquids and mixtures more volatile than water 
are used in this manner, a very intense cold may be pro- 
duced. Thus by the evaporation of liquid sulphurous acid a 
degree of cold is obtained sufficiently strong to freeze mercury. 

By a mixture of solid carbonic acid and ether Faraday 
obtained a degree of cold which he estimated at — i io''C ; 
and more recently, Natterer, by mixing liquid nitrous oxide 
with bisulphide of carbon, and placing them hoth in vacuo, 
has obtained — 1 4o''C. 

In hot climates porous vessels called alcarazas are used 
for cooling water. The water reaches the outside through 
the pores, and hence a continual evaporation is going on, 
especially when the vessels are placed in a current of air. 

MM. Carr^ and Co. of Paris have invented a very in- 
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genious freezing machine, vhich was exhibited in London 
at the International Exhibition of 1862. 

This apparatus is represented in Figs. 27 and 28. ^4 is a 

strong vessel of wrought 

iron three quarters filled 
with a concentrated solu- 
tion of ammonia. B is 
a strong wrought iron 
circular condenser hav- 1 
ing a central space suffi- 
ciently large to receive 
the vessel D. The pipes 
are so arranged as 
prevent the liquid from 1 
boiling over into the con- Pi j. 

denser. Before using the 

instrument it is laid upon its side, boiler downwards, for 
about 10 minutes, so as to allow any liquid that may be in 
the condenser to drain back into the boiler, and this is 
facilitated by heating 
the condenser slightly 
with a lamp. The 
process consists of two 
parts. In the first of 
these. Fig. a8, the 
boiler is heated very 
gradually by a char- 
coal chauffer, or other 
source of heat, while 
the condenser B is 
kept in a vessel through ^.^^ ^g 

which a stream of 

cold water is constantly flowing. As the result of this 
process, the ammoniacal gas separates from the water and 
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is condensed by its own pressure in B, and the heating is 
allowed to go on until a thermometer attached to the boiler 
indicates about I32''C, at which temperature it is presumed 
that nearly all the ammoniacal gaa is condensed in B, while 
all the water remains behind in ^ : the second part of the 
process next begins. 

The apparatus is now withdrawn from the fire ; the water 
is allowed to run out of the orifice B through a hole in the 
bottom; this orifice is then stopped with a cork, and the 
cylinder D containing the liquid to be frozen is put into B, a 
little alcohol having been previously introduced in order to 
establish a liquid cOTtanunicaiion between the sides of 5 and 
D; the vessel A (Fig. 27) is now plunged into water which 
is kept cool, while the condenser is wrapped round with 
flannel, which is well known to be a non-conductor. The 
temperature of A now falls very rapidly, and as the water 
in A reacquires its power of absorbing ammoniacal gas, this 
gas rises very abundantly from B, and is condensed in A, 

In consequence of this rapid evaporation B becomes 
intensely cold, and if it contains water this will be frozen. 
Mercury may also be frozen by this means. 

As the success of this instrument depends upon its bemg 
devoid of air, there is an arrangement of the following kind, 
by which any air can be got rid of. G is a small cup which 
is always kept full of water, and in it works a screw, so that 
when relaxed it opens up an exceedingly small entrance into 
the interior. When the temperature of the boiler has risen to 
about 6o''C the screw is slightly loosened, and the disen- 
gaged ammoniacal gas is rapidly absorbed by the water in G. 
If any air be present, this will be seen by its rising to the 
surface, and the channel must be kept open so long as such 
an appearance of air continues, but when the gas is wholly 
dissolved by the water, the screw must be again tightened 
and the operation of heating continued. 



PRODUCTION AND CONDENSATION OF VAPOUR. I15 

A portion of the boiler at D, Fig, 38, is made of metal 
which will fuse below that temperature at which the pressure 
of the steam would burst the boiler. This arrangement acts 
therefore as a safe^-valve. 

Quite recently Mona. CaiUetet of Paris and Mons. Raoul 
Pictet of Geneva have been able to obtain in the solid or 
liquid state the gases hitherto uncondensed. 

Their plan was to sut^ect the gas at once to great pressure 
and great cold, and then by suddenly relieving the pressure 
the expansion produced so diminished the temperature as to 
condense the gas. 

119. f reasnro in oommnmc&tlng Tsssels filled with 
aix. Dalton, as we have already mentioned, was the first to 
shew that in a space filled with air the same amount of 
water evaporates as in a space destitute of air ; and that 
precisely the same relation subsists between the temperature 
and the maximum vapour pressure whether the space con- 
tains air or not Unforttmately there has been based upon 
this experimental result a theory which is only apossihle but 
not a necessary result of these experiments. It has been sup- 
posed that no mutual relation whatever exists between vapour 
and air, and that they remain near each other without pro- 
ducing the shghtest mechanical effect upon one another. 
This theory has come to be too much regarded as a neces- 
sary result of Dalton's experiments, although certain observa- 
tions made by Bessel, Broun, Welsh, and others seemed to 
be incapable of explanation by it. Dr. Lament of Munich 
has devised a crucial experiment, the result of which has been 
to refute this hypothesis. The arrangement adopted was 
of the following nature. A glass tube, bent as in Fig. 19, 
has at one end a globe K, while the other end e is left 
open to the atmosphere ; ; is a drop of quicksilver, which is 
capable of moraig backwards and forwards along de. The 
curved part e k d oi the tube is plunged into a vessel B£ 
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filled with cold water, while into the vessel AA, in which ihe 
globe K is placed, cold and warm water can alternate]}' be 
poured. The ejperiment was of the following nature : sup- 
pose that before commencing it the temperature of the whole 
apparatus as well as of the water in ^ iP is o°C, and suppose 
also that the globe and tube are filled with dry air of the 
pressure of 30 inches. 

First raise the temperature of the globe K to 40°C by 
pouring warm water into^^, while the temperature dibede 
remains as before. Owing to the increased pressure of the 
dry air, the quicksilver q is pushed toward e \ — notice how far. 



Next cool down the globe to its former temperature (0°), 
and introduce a little water into K by breaking off the fine 
point a, which is then sealed on again, and repeat the 
previous experiment — that is to say, heat the globe lo 40° 
Fahr. as before, and again notice how far the quicksilver is 
pushed towards e. 

The result of this experiment will be a test of the truth of 
this hypothesis. Let us see, in the first place, what ought 
to take place if these views are correct ; that is to say, if 
the vapour and air are quite independent of each other. 
For simplicity's sake we may imagine the second beating of 
the globe to take place not a very long time after the Intro- 



PRODUCTION AND CONDENSATION OF VAPOUR. Wj 

duction of the water, in which case the vapoiir will not yet 
have penetrated to q (in Lamont's experiment there was no 
trace of vapour at this part of the apparatus). If these 
views be correct, there being no pressure of vapour at q, the 
pressure there will be entirely due to dry air. No doubt 
there is pressure of vapour in the globe K, but by this 
hypothesis it has no effect on the particles of dry air, and 
cannot therefore be communicated to q. The drop of quick- 
silver at q ought therefore to move, for a given healing of 
the ball, precisely the same distance whether the air of the 
globe be dry or whether it contain vapour. 

Let us now suppose, instead of this hypothesis, that 
the air exerts a pressure upon the vapour and the vapour 
upon the air. Then the globe K will have a pressure of 
vapour corresponding to 4o'C=3.i6 inches nearly; this has 
to be added to the pressure of dry air, and the sum will be 
communicated through the dry air of the tube to the quick- 
silver at q, which will, on this hypothesis, be pushed much 
farther when there is vapour than when there is only dry air. 
On the other hypothesis, however, as we have seen, the 
quicksilver will be pushed equally far in both cases. Now 
Lamont found that the quicksilver was pushed much farther 
when there were air and vapour together than when there 
was only dry air, and he therefore concluded that the first 
hypothesis is incorrect. 

ISO. Tarioiu modes of vap(»risatiotL Our attention 
has hitherto been directed to certain laws which have no 
special reference to the particular niodes in which vaporization 
is accomplished. 

Let us now consider the peculiarities of these various 
modes. We have already (Art. i to) stated that there are 
three such — viz. evaporation, tbullition,andvapori»aHon in the 
tpheroidal staU. 

121. Eraporatloii. Evaporation denotes the quiet pro- 
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duction of vapour at the surface of a liquid, and is subject to 
the following laws. 

I, It varies with the temperature. 

a. It varies with the extent of sur^ce exposed. 

3. It goes on very rapidly in vacuo, bat much more slowly 
in a space filled with air. 

4. It goes on more rapidly in dry air than in air con- 
taining vapour. 

5. It is assisted by any agitation tending to renew the 
particles of air over the evaporating surface. 

The reason of the fourth and fifth laws is very evident. 
When vapour forms above the surface of a liquid in still 
air, it rises so slowly that the air above the liquid soon 
becomes saturated with vapour, or nearly so, and hence the 
evaporation, if not quite stopped, yet proceeds very slowly. 
But when new and comparatively dry particles of air are 
constantly brought into contact with the liquid the process is 
greatly facilitated. 

This process is constantly going on in nature, and forms 
one of the means by which the surface of the earth b 
rendered fit for the maintenance of living beings; it is also 
of very extensive application in chemistry and in the arts, 
being employed to separate a volatile from a fixed substance. 

122. Ebullition. When a liquid is heated in an open 
vessel it gradually becomes hotter, and the evaporation more 
and more rapid. After some time the layers of liquid 
in contact with the sides of the vessel become changed into 
vapour, which begins to rise, but is condensed by the colder 
strata before it reaches the surface. This is the cause of 
the singing noise of liquids before they begin to boil. Soon 
however, the bubbles of vapour are able to reach the surface, 
and the process of ebullition has begun. The temperature 
now ceases to rise, and remains stationary until the whole of 



the liquid has been boiled away. 
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The temperature of ebulliti<»i depends, (i) on the external 
pressure ; (2) on the nature of the vessel ; (3) on the sub- 
stance dissolved in the liquid ; (4) on the nature of the liquid. 

123. Influeiuje of pregaure upon the boiling point. 
It may be easily shewn, by an arrangement up to that of 
Figures i and a, that the pres^re of vapour during ebullition 
is equal to the external pressure, for it will be found that the 
level of the liquid is the same on both sides of the gauge. 
We see now what takes place when a liquid is heated in 
the open air. Its temperature will continue to rise up to that 
point for which the corresponding vapour pressure is equal 
to the external atmospheric pressure. The temperature of 
the boiling point will thus be low when the pressure of the 
air is low, and high when this is high. The following ex- 
periments will illustrate the effect of pressure. 

Fif St experiment. — Let a flask half filled with water, Fig. 30, 
be boiled until all 
the air has been 
driven out of the up- 
per part of it, which 
is filled with steam 
instead. If it now 
be corked tightly 
and inverted, it will 
very soon cease 
boiling ; but if cold 
water be poured 
upon it ebullition 
will commence a- 
new ; the reason 
being that the cold 
water by condens- 
ing the vapour with ^'S' V* 
which the upper part of the flask is filled withdraws the 
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pressure from the water, which is thus enabled to tx)il at a 
comparatively low temperature. 

Second experimtnt. — Put a vessel containii^ ether under 
the receiver of an air-pump. Exhaust the receiver, and 
the ether will begin to boil at the ordinary temperature. 

It follows from these experiments that at the top of a lofty 
mountain, where the pressure of the atmosphere is much 
diminished, the temperature of the boiling point of water will 
be much reduced. At the top of Mont Blanc, for example, 
water boils at about Sg^C ( i Ss'^Fahr.). The temperature of 
boiUng water at high elevations is often too low for culinary 
purposes, and those who live in such places are therefore com- 
pelled to heat water in a closed vessel under a pressure greater 
than that of the atmosphere in order to prepare their food. 

This is done by means of an apparatus invented by Papin, 
a French physician, and which bears the name of I'apin's 
Digester. It consists simply 
of a strong closed vessel 
containingtbewatertowhich 
heat is applied. When 
the pressure rises too high 
the vapour escapes by 
means of a safety-valve. 
There is thus a limit de- 
pending on the strength 
of the vessel, beyond 
which the pressure and 
temperature cannot mount, 
but this limit is sufficiendy 
high to permit of the con- 
tained water doing great 
p. service in culinary ope- 

rations. This apparatus is 
also often used at ordinary levels, since water is much 
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more efficient in ezCracting gelatine from bones at a high 
temperature than at tlie ordinary boiling point 

Boiling-point thennometers are sometimes used for in- 
dicating, by means of tlie temperatiiFe of ebullition, the pres- 
sure of the air, and thus detennining the heights of moun- 
tains. Such instruments perfonn the part of a barometer, 
while they are more portable. Their scale embraces a 
temperature range generally extending only from about bo° 
below ioo° to a few degrees above this point; it is thus very 
open, and the temperature of the boiling point may be very 
accurately observed. Mountain thermometers are accom- 
panied by an apparatus similar to that of Fig. i, devised by 
Regnault, and fitted in this case with telescopic joints, in 
order to make it easily portable. 

134. Inftoenoe of the natnxe of tlie vessel upon 
the boiling point Achard was the first to notice, in 1 785, 
that the boiling point of water under a constant pressure is 
much more inconstant in metallic than in glass vessels. He 
also noticed that if, while water was boiling steadily in a 
glass vessel, a drachm of iron-filings or some other insoluble 
solid were added to the water, the boiling point was lowered 
i" Reaumur or more, the depression varying according as 
ihe substance was in powder or in lump. On the other 
hand, the temperature of the vapour arising from the water 
is as nearly as possible tbe same in all these cases. 

H«ice we see that while the temperature of the vapour 
remains constant, that of tbe liquid varies according to the 
nature of the vessel ; we ought also to state that in all cases 
the temperature of the vapour of water is below that of boiling 
water. 

126. Znilaenoe of stibfltanoes diasolTed upon the 
Ixiiliag point. Magnus, MarceC, and others have made 
experiments on saline solutions of different kinds and 
Mrengthe, from which'it appears that the general effect of 
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the salt is to raise the temperature of ebullition. According 
to these experiments the salt has the effect of raising the 
temperature of the vapour as well as that of the liquid. 
Regnault, vho has investigated this subject, concludes that 
the vapour is at first in temperature equilibrium with the 
boiling solution, but that it is quickly cooled, so that the 
results obtained by Rudberg, who found that the vapour of 
a solution possesses the same temperature as if it were 
disengaged from pure water at the same pressure, may be 
considered correct. In practice the temperature of the 
vapour of moderately pure water in an apparatus similar to 
that of Fig. I may be considered to be regulated entirely by 
the atmospheric pressure. 

lae. Influence of air diaatdTed upon the boiling 
point. Magnus had made the observation that if water 
could be boiled in a vessel formed as it were of water itself, 
or in a vessel the sides of which would retain the water 
everywhere with the same force as that which its particles 
exert upon each other, we should then know the true boiling 
point of water. 

M. Donny was afterwards led to conclude that the boiling 
point of perfectly pure water is very high. By depriving the 
water of air as far as possible by iong continued boiling 
and by enclosing it in a peculiarly shaped vessel, he was 
able to raise its temperature to i3S''C without ebullition, 
and even higher temperatures have since been obtained. 
M, Dufour has recently attempted to show that globules of 
water suspended in oil remain liquid between — 30°C and 
+ I78°C. The Hon. Sir W. R, Grove has recently made 
experiments on this subject, and has found that even 
after water has been long boiled it is not quite deprived 
of all traces of nitrogen ; and he has gone the length of 
saying that no one yet has seen the phsenomenon oipure 
water boiling, that is, of the disruption of the liquid particle^ 
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of the oxy-hydrogen compound, so as lo produce vapour, 
which will condense into water, leaving behind no permanent 
gas. 

Mr. C. Tomlinson (Proceedings R. S., Jan. 21, 1869) has 
studied the subject of boiling liquids with much care. He 
starts by supposing that a liquid at or near the boiling point 
is a supersaturated solution of its own vapour constituted 
exactly like soda-water, SelLzer-water, and solutions of some 
sduble gases. 

This being the case, he finds that ebullition is much faci- 
litated in many cases by the action of nuclei or small foreign 
bodies, and that a solid non-porous nucleus is or is not 
efficient in liberating vapour, according as it is chemically 
unclean or clean. Porous bodies, however, are invariably 
active. 

Mr. Tomlinson is inclined to think that too much im- 
portance has been attached to the presence of air and gases 
in water and other liquids as a necessary condidon of their 
boiling. 

127. Inflnenos of the nattire of the liquid upon the 
toiling point. Some liquids, such as ether and sulphurous 
acid, have very low boiling points, while others, such as 
mercury, have very high ones. The following table of 
boiling points and specific gravities has been constructed by 
the late Dr. W. A, Miller, and is derived chiefly from the 
labours of Pierre and Kopp. 
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Table of boiling points and sptei^e gravities of liquids. 
Hime o( Subttance. 



Chloride of etbyle 

Bromide of methTle 

Aldehyde 

Fonniate of inethyle ... 

Ether 

IJiomide of ethyle 

Iodide of inethyle 

Bisolphide of carbon . . . 
Fonnic ether. ..r. 

Acetate of methyle 

Chloride of dticoQ 

Broinine 

Wood-spirit 

Iodide of ethyle 

Acetic ether 

Alcohol 

Terchloride of phosphoni 

Datch Uqaid 

Bntyiate of methyle 

Water 

. Formic add 

Butyric ether 

Perchloride of tin 

Valerate of methyle 

■ Aceticacid 

Fousel oil 

Bromide of ethylene 

Terchloride of araenic . . . 

Perchloride of tilanimn 

Bromide of silicon 

Butyric acid 

Sulphurous ether 

Terbromide of phoaphoros 

Sulphuric acid . 

Mercory... 



33-39 
34-89 

44-11 

48-05 

s6-i8 



65-50 
7o-]8 
7383 
7839 

78-55 



149-9 
158-5 
164-11 
173-1 
1734 
176-8 
184-7 

211-0 100-00 

Jii-5 105-18 



369-8 13J-11 

370-9 I3»-P 

i73-o 133-88 

176-6 135.88 

308-0 153.33 

3146 157-00 

310-0 160-00 

347 -S i75-*8 

640-0 337-77 

661.0 350-00 



1-6644 

o-8oog 
0-9984 
0-7365 
'■4733 



o-S:« 
CV9563 



0-9041 
o-90«5 

o-S.J? 
1.16)9 

a- 1050 



11063 
3-9149 

1-8540 
13-5960 



Kopp, as far back as 1841, pointed out that in analogous 
compounds the same difference of chemical comfx^tion 



PRQDUCTIOI^ AND CONDENSATION OF VAPOUR. 135 

frequently involves the same difference of boiling points, and 
he has more particularly endeavoured to shew that in a veiy 
extensive series of compounds (alcohols, acids, and com- 
pound ethers) the elementary difference CH* (new notation) 
is attended by a difference of i9''C in the boiling point. 
Kopp has also made comparisons of the specific volumes 

Csp. vol.= :^)of different liquids, and finds that 

*■ sp. gravity ' ' 

when these are compared at Uie respective boiling points of 

the liquids, or points of similar pressure, one arrives at very 

Bim[de results. 

128. IieidenfroBt'B FbtenomeQCO. Spheroidal stata. 
Leidenfrost was the first who scientifically examined the 
curious phenomenon which bears bis name. He found 
that if a drop of water or other liquid be tbrovm upon a 
surface of high temperature, the liquid does not adhere to 
the surface but forms a spheroidal mass, which, if the heat 
be kept up, oscillates and moves about, evaporating mean- 
while without boiling. 

This phEenomenon, which has been named the caloric 
paradox, has of late years been the subject of much atten- 
tion, and experiments have been contrived with the view of 
rendering its peculiarities as prominent as possible. Thus, 
for instance, M. Boutigny poured liquid sulphurous acid 
upon a platinum capsule heated to a white beat, and 
altbough this liquid ordinarily boils at a very low tempera- 
ture there was no appearance of ebuUition and the rate of 
evaporation was very slow. In this state some water poured 
into the sulphurous acid was instantly frozen. Faraday 
went even further, and by pouring on a red hot platinum 
capsule some ether and solid carlx>nic acid he formed 
a spheroidal mass which evaporated very slowly, but 
nevertheless solidified some mercury broi^t into contact 
with it , , 
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In connexion with these experiments we may remark the 
very singular fact, that the skin of the hand, if slightly 
moistened, may be broug'ht into contact with molten metal 
at a very high temperature withont being sensibly affected or 
injured in the least. This may explain some of the tales 
which have reached us from the middle ages, in which 
accused persons went through the ordeal of fire with 
impunity. 

12B. The following are the experimental laws of this 
phasnotnenon. 

I. It has been found by M. Boutigny that the lowest 
temperature of the hot surface capable of producing this 
state varies with the liquid, being higher for liquids of high 
boiling points. M. Marchand has shewn that it also varies 
with the temperature of the projected liquid and with the 
nature of the siu'face. 

3. The spheroid seems not to touch the surface. If 
this surface be a plane, M. Boutigny has found that the eye 
may see the light of a taper through the space between the 
liquid and the surface. He has also found that a drop of 
nitric acid has in this state no action on a silver or copper 
surface, nor one of dilute sulphuric acid on iron or zinc. 
Professor Poggendorff has also shewn that if the hot plate 
be metallic and connected with one pole of a galvanic - 
battery, while the spheroid is connected with the other, no 
current will pass; thereby proving the interruption of Qpn- 
tact between the spheroid and the plate. 

3. M. Boutigny and M. Boutan have shewn that liquids 
in the spheroidal state remain at a temperature inferior to 
that of ebullition. 

130. An experiment made by M. Buff will serve to con- 
nect together the second and third of these experimental 
laws, and to shew their dependence on one another. He 
placed a clean silver spoon filled with water over a lamp, 



PRODUCTION AND CONDENSATION OF VAFOUR. IZ? 

and found that it might be held by the hand with impunity, 
until the water vas all vaporized ; the reason being that the 
heat which entered the spoon was transferred to the water 
in contact with it, and hence no part of the spoon had a 
higher temperature than ioo°C. There was in fact equili- 
brium of temperature between the spoon and the watef. 
He then covered the inside of the spoon with a coating 
which was not moistened by water, and found that the 
spoon became very hot before the water began lo boil. 
When however the coating was capable of being moistened ~ 
by vater the result was the same as with the clean spoon. 
We see from this that the establishment of ordinary thermic 
equilibrium in such a case depends upon the liquid moist- 
ening the spoon, and thus being brought into intimate con- 
tact with it. We have thus also a very simple explanation 
of the spheroidal condition ; for we have seen that the exist' 
cnce of this state at a given temperature depends, among 
other things, on the nature of the plate, and Buff's expe- 
riment shews us that any coating which diminishes the 
adhesive force cA the liquid to the plate is favourable to the 
production of this phenomenon. These facts, along with 
Boutigny's observation of a want of contact between the 
liquid and the plate, enable us to connect the separation 
between the two surfaces with the very small transmission 
of heat which forms the leading feature of this phsenomenon. 
There is probably, however, a layer of vapour between the 
two surfaces. 

131. Taporizatioii of liquids at a very high tem- 
perature and in a limited spaoe. When a liquid is 
enclosed within a limited space, and heat is applied, each 
increment of heat produces a certain quantity of vapour, 
which thus accumulates, and by its pressure prevents the 
liquid from boiling, the temperature of the liquid mean- 
while rising considerably above its ordinary boiling point. 
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M. Cagniard d« la Tour pushed his observation of this pro- 
cess to an extreme limit bj enclosing certain liquids in a 
space not much larger than their own volume. On the 
application of heat he found that the liquids at a certain 
temperature passed completely and instantaneously into the 
state of vapour. The apparatus which he employed for this 
experiment had within it some atmospheric air shut out from 
the liquid by a drop of mercury. As the liquid became 
heated its vapour pushed the mercury before it along a tube, 
compressing, by this means, the air into a very small volume. 
Thus, if the volume finally occupied by the air was one- 
fiftieth of that which it would have filled at that temperature 
under the ordinary pressure, it might be concluded that the 
firessure was equa.1 to fifty atmospheres, and so on. M. 
Cagniard de la Tour made experiments on ether, alcohol, 
. bisulphide of carbon, and water, and obtained the results 
given in the following table. 



Ether 

Alcohol 

Bisnlphide of carbon 
W«ier 



66.5 



3S95 

497-!- 

773-0 



There was considerable difficulty in performing the experi- 
ment with water, as at the high temperature to which it was 
raised its power of dissolving glass was very great. 

It thus appears that at a certain temperature a liquid 
under the pressure of its own vapour becomes changed into 
a gas. Faraday has imagined that at this temperature, or 
one a little higher, no pressure that we are likely to pro- 
duce would convert the gas into a liquid, and he also thinks 
that the temperature of 166° Fahr. below zero is probably 
above this limiting point for the gases oxygen, hydrogen, 
and nitrogen ; so that, apply what pressure we may, we shall 
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not be able to liquefy these gases unless we can at the saine 
time produce intense cdd, 

Dr. Andrews had previously noticed that when a vessel 
containing liquid carbonic acid is raised to 88°Fahr. the 
surface of demarcation between the liquid and gas becomes 
gradually fainter, loses its curvature, and at last disappears *. 
The space is then occupied by a homogeneous fluid, which 
exhibits an appearance of moving or flickering strias through- 
out its entire mass. In a later research (Bakerian Lecture, 
1869) he finds the temperature at which carbonic acid 
ceases to liquefy by pressure to be 3o°.9aC, and he con- 
cludes, as a direct result of his experiments, that the gaseous 
and liquid states are only widely separated forms of the 
same condition of matter, and may be made to pass into 
one another by a series of gradations so gentle that the 
passage shall nowhere present any interruption or breach of 
continuity. 

. This is analogous to the gradual passage of a solid into 
a liquid such as we have when sealing-wax b melted. 
- 183. Sublimation. There are some solids which under 
ordinary circumstances of pressure appear to assume the 
gaseous state at once instead of passing through the inter' 
mediate state of liquidity. Of these arsenic and sohd carbonic 
acid are examples. It is well known too that snow slowly 
evaporates, and thus to some extent appears to assume the 
gaseous form, even although the temperature is decidedly 
below that of the melting point of ice. 

Again, some substances, such as chalk, are decomposed 
before fusion, the gaseous element going off. Nevertheless 
it has been found that if chalk be heated under intense pres- 
sure it melts and assumes the appearance of marble when it 
becomes solid. 

> A EimiUr chnnge of cnrvatare haibeen noticed for oth^r liquids b^ 
Wolf, and alio by Drion. / , . 
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Messrs. Ramsay and Young (Proc. R. S., June 21, 1883) 
have recently made some very interesting experiments on the 
influence of temperature on the volatilization of solids, from 
which it appears that solids have definite temperatures d 
evaporation or subliming points corresponding to definite 
pressures, just as liquids have definite boiUng points. At first 
dgbt it might appear that the analogy between solids and 
liquids cannot be carried farther, inasmuch as a boiling 
liquid appears to emit bubbles from its interior, while a 
subliming solid only emits matter from its surface. On 
reflection, however, we may be led to suppose that there is 
perhaps some breach of continuity equivalent to a surface 
at the points from which gas issues in a boiling Lquid, and in 
this case the analogy between the behaviour of subliming 
solids and boiling liquids is very close indeed. 

Condensation of Vapours and Gases. 

1S3. Distillation, or the oondeoBation of Taponrs. 
This process has already been described in Art. 1 ij. 

134. Condensatioii of gases. Sometimes gases are 
compelled to assume the liquid form by their afiinity for 
some liquid. Thus, for instance, if ammoniacal gas is 
brought into contact with water it is immediately dissolved. 
The same result takes place with hydrochloric acid and 
other gases. This condensation of gas renders sensible a 
large quantity of latent heat, and it is therefore necessary 
to keep the vessel in which it takes place surrounded by 
cold water. 

It is much more difficult to condense gases by themselves 
and without the aid of a chemical solvent. The auxiliaries 
employed in this condensation are, as might be imagined, 
pressure and cold. All gases have at length yielded to 
the joint effect of these two agents, but there were never- 
theless six substances which until quite recently we could not 
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obtain either in the liquid or the solid form — these being 
oxygen, hydrogen, nitrogen, nitric oxide, carbonic oxide, 
and marsh gas. 

Faraday was one of the first who succeeded in liquefying 
gases by the joint application of cold and pressure. Others 
have since joined in these attempts, and carbonic acid gas 
is now condensed in large quantities, forming in this shape 
a very convenient source of cold. An instrument invented 
by Thilorier, somewhat modified, is very much used for the 
purpose of liquefying this gas ; it acts on the following 
principle : — The gas is generated in a strong iron vessel 
called the generator, into which the materials necessary for 
making the gas are put. This generator is connected with 
an equally strong iron vessel called the receiver, which is 
kept cool, and when sufficient gas has been generated it 
condenses in the receiver. The two ves- 
sels are now separated and a fresh charge 
introduced into the generator, and the gas 
is condensed in the receiver as before, until 
at last a large quantity of Uquefied gas has 
been obtained. 

It will be seen from Fig. 32 that in the 
interior of the receiver there is a tube which 
descends below the level of the liquid. 
When the cock is opened the pressure of 
the gas drives the liquid with great force 
up the tube and out through the fine nozzle 
in which it terminates. 

The liquid as it issues evaporates with 
such rapidity that part of it is frozen, and p, 
if on its way out it be made to play into a 
cylindrical box the solidified gas may be collected in 
the form of a snow-white powder. This powder evapo- 
rates very slowly, and may therefore by proper precau- 



Ija CHANGE OF STATE. 

tions be preserved for a considerable length (rf lime. It 
may also be handled with impunity, and may even be laid 
upon the tongue without a disagreeable sensation of cold 
being produced, although the temperature of the solid is 
extremely low, perhaps even — 76°C. The reason of this 
absence of the feeling of cold is want of contact between 
the two. If however this solid acid be mixed with ether, 
for which it has a great attraction, the mixture will now be 
ia contact with the containing vessel, and will be felt to 
be intensely cold, while a rapid evaporation of carbonic 
acid will take place, thereby preserving the low tempera- 
ture by drawing off the heat. 

By means of a mixture of this description from 20 to 30 
pounds of mercury may readily be frozen. If the bath of 
carbonic acid and ether be placed in vacuo the evaporation 
is accelerated, and a still greater degree of cold is pro- 
duced. Faraday by this means has reached the temperature 
— iio''C. A still lower temperature has been obtained by 
Natterer, who by means of a bath of liquid nitrous oxide 
and bisulphide of carbon in vacuo has reached the tempera- 
ture— I40°C. 

Pressuke and Density of Vapour and Gases. 

136. Before discussing the laws which regulate the pre^ 
sure of gases and vapours we must first of all bear in mind 
what takes place when we condense a gas or vapour into 
smaller volume. Let us suppose this condensation to be 
performed slowly and at a constant temperature. As it 
proceeds the pressure will of course increase, until at last, 
if the gas be condensable, liquid will begin to make its 
appearance. The pressure and density have now attained 
the greatest possible value which they can have for this 
temperature and for this kind of gas, and if the condensa- 
tion be pushed further the only result will be the formation 
of more liquid, but without a further increase of pressure. 
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Onr inquiry must therefore be divided into two parts. We 
must consider, in the first place, the laws which regulate 
the pressure of gas or vapour not in contact with the hquid 
which produces it ; and, secondly, those which regulate the 
pressure of gas or vapour in contact with its own liquid. 

136. FreBsore of gaa or vapour not in contact with 
its own lignid. We have already had occasion (Chap. IV, 
Art. 60) to advert to Boyle's law, which gives the relation 
between the pressure and volume of a gas, the temperature 
remaining constant, and we have seen that in this case the 
pressure varies inversely as the volume. We have also seen 
(Art. 62) that Charles and Gay Lussac were the first to state 
the true connexion between the volume and temperature of 
a gas of which the pressure remains constant, and that this 
law may be expressed as follows : — 

Let F denote the volume of a gas under given pressure at 
the temperature o°C, then F(i +a/) will be its volume under the 
same pressure at the temperature /"C, where o.^ 00367 nearly. 

Neither of these laws is however absolutely correct under 
all circumstances. With regard to Charles' law it has been 
found by Regnault, as we have already seen (Art 66), that 
it only holds absolutely in the case of a perfect gas ; that is, 
of a gas very &r removed from its point of maximum 
density ; and in Uke manner Boyle's law ceases to be per- 
fectly true when this same point is approached, for the 
denaty is then found to increase more rapidly than the 
pressure. But if the gas be sufficiently attenuated it is 
probable that both of these laws are exactly true, and in 
this case it is very easy to solve all problems in which 
it is sought to connect the pressure of a gas with its tem- 
perature and volume. 

Thus, let F(/. f, denote the volume occupied by a gas at 
pressure p and temperature /°C, and let it be required to find 
the volume of this gas at pressure/' and temperature i'.°. 
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Calling F*^,-^ the volume at pressure p and temperature 
o^C, we find by Charles' law, 



-f,A.,f ■+«'}; •■ »%. 



t+m 



Also, by the same law combined with that of Boyle, we find, 

Vi, . 
and finally, substituting for V^^^c^ its equivalent — ^^i we 

find 

v.n ^■'•i^ai p' 

Example. Let the volume - of a gas be 5 litres at the 
pressure of 30a millimetres and at i6°C, what will be its 
volume at the pressure of 350 millimetres and at 12°C i 

Here we have 

f'l/.fl-B. p'l^, /-350. '=15°. ^"I^": 

hence 

■■ I +-00167x73 300 

Other problems of a similar kind will easily suggest them- 
selves. 

137. Fressure of gas or vftponr in contAOt witli iti 
own liqnid. Since a gas or vapour in contact with its own 
liquid always possesses the greatest pressure possible at the 
temperature, there is consequently only one such pressure 
corresponding to each temperature ; and hence for a given 
substance this maximum pressure will only vary when the 
temperature is made to vaiy, and it will vary in such a 
manner that the higher the temperature the greater the 
corresponding maximum pressure (Art 112). 

In mathematical language, the pressure of gas in contact 
with its liquid will be a function of the temperature; and 
what we wish to know is the nature of this function for 
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each substance ; that is to say, the relation in each case 
subsisdng between such pressure and temperature. As 
this has been most extensively and accurately investigated 
for the vapour of water, we shall commence with it, 

1S8, Fresanre of aqneoiu Taponr. Many experi- 
mentalists have engaged in this research, and yet it is only 
lately that great exactness has been obtained. 

In 1823 the subject was referred to a Commission of the 
Academy of Paris, and the experiments undertaken in con- 
sequence were made by MM, Dulong and Arago. 

The object of these was (o determine the pressure of 
the vapour of water at high temperatures, and the experi- 
ments ranged between i and 24 atmospheres of pressure 
and between the temperatures 100° and 214'C. 

About the same time the same subject was taken up by 
a Committee of the Franklin Institute of Pennsylvania, their 
experiments ranging from i to 10 atmospheres. 

The apparatus of the French Commission consisted of 
a manometer, or pressure measurer, having a detached column 
of atmospheric air cut off by mercury, which by its volume 
served to denote the pressure ; the Commission having pre- 
viously ascertained by direct experiment the correctness of 
Boyle's law for air up to a pressure of 27 atmospheres. 

Very nearly the same apparatus was employed by the 
American Committee. Unfortunately, however, there was a 
considerable difference between the results of the two in- 
vestigations. One cause of this discrepancy may have been 
the employment of mercurial thermometers composed of 
different kinds of glass, since we have seen (Art. 35) that at 
high temperatures the indications of two instruments of this 
kind, both accurately graduated but made of different kinds 
of glass, will not agree together. On this account Regnault 
resolved to make a full set of experiments on the subject, 
extending to high pressures but also embracing low ones, 
,.,.,, t.oogk- 
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and he has recenti}' completed these with very satisfactory 
results. 

139. Regnault divides his research into three parts. 

The first of these relates to his experiments on the pres- 
sure of aqueous vapour at low temperatures; that is to say, 
from — 33° to +50°C. 

The second part comprehends all his experiments at higher 
temperatures, or from 50° to a3o°C. 

Finally, in his third part he treats of the graphic rtpre- 
sentalion dl his experiments, and discusses variou8_/w-»M//(B 
of inkrpolatim. 

In the first place, as regards his experiments at low 
temperatures, Regnault employed various methods, and even 
repealed those made use of by former experimentalists, in 
order, as he tells us, to see if when used with proper pre- 
cautions they would all lead to the. same result ; and if this 
be not the case, to point out by direct experiment the 
causes of error in the defective methods. 

The general plan underlying the various methods made 
use of by him in this branch of his investigation, is that of 
comparing together two barometers placed side by side, one 
having a dry vacuum chamber, and the other a chamber 
filled with the vapour of water at a determinate temperature ; 
the difference between the heights of the two giving the 
pressure of aqueous vapour at the temperature of the experi- 
ment. He found that when sufficient precautions were 
adopted the various methods employed by him agreed to- 
gether very well. 

140. In the second part of his research, which had refer- 
ence to high temperatures, Regnault employed another kind 
of apparatus, founded on the principle that the vapour of 
waiei* boiling in a large space filled with air has a pressure 
equal to the atmospheric pressure. 

In order to secure all die advantages of this method 
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Regiiault constructed the following apparatus. A strong 
retort A (Fig. 33) contains the water to be heated, and has 
arrangements for holding four mercurial thermometers, two 



of them being plunged in the water, and two in the vapour 
of water: these arrangements are such that the bulbs of 
the thermometers are not exposed to the pressure of the 
vapour. In order to ensure correctness Regnault employed 
an air thermometer in addition to the mercurial ones. The 
retort A is connected by means of a long neck C C with a 
balloon or reservoir B, into which air may be pumped or 
from which it may be extracted, so that the internal pressure 
of the- air -may be regulated at pleasure. The balloon is 
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enclosed in water of the tcmperatore of the suiroimding 
medium, by which means change of pressure due to change 
of temperature of the balloon is avoided. The neck C C, 
connecting the balloon £ with the retort, is kept cool by 
a. stream of water constantly flowing through a cylinder which 
surrounds it. By this means the vapour is condensed as fast 
as it is formed, and trickles back into the retort, its pressure 
being equal to that of the artificial atmosphere in B. 

It only remains to state that the air of the balloon B com- 
municates with one column of a manometer Af, the other 
column being open to the atmosphere. It is evident from 
the arrangement in the figure that the pressure of air in £ 
is equal to that of the external atmosphere plus or minus (as 
the case may be) the pressure of a column of mercury 
equal in length to the difference between the levels of this 
fluid in the two limbs of the manometer. By this method 
Regnault was enabled to measure accurately the temperature 
of the vapour, and also to keep the pressure of the artificial 
atmosphere (and in consequence the temperature of ebul- 
lition) very nearly constant ; lastly, this pressure might be 
accurately measured by means of the attached manometer. 

14L The third part of RegnauU's memoir relates to the 
graphic construction of his experiments, and \o formula of 
interpolation. The following considerations will suffice to 
shew the necessity for this. 

There are two kinds of errors which make their appearance 
in physical research. The first of these is due to a defect 
in the process employed, or to a defect of the observer, 
Thus in the particular problem under consideration, namely, 
that of finding the maximum pressure of aqueous vapour 
corresponding to a given temperature, the methods em- 
ployed by the earlier observers were defective to some 
degree. But the course pursued by Regnault in his in- 
vestigation got rid of this source of error to a veiy great 
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extent : for he worked out the various methods of his prede- 
cessors after having discovered and corrected their defects, 
and he then found that the results obtained agreed very well 
together. We may therefore imagine that in his experiments 
errors due to defective apparatus or observation have Ijeen 
to a very great extent eliminated. There is however another 
description of error which cannot be entirely got rid of. If, 
for instance, we make the same observation with the same 
instrument under the same conditions several times in suc- 
cession, we shall find tliat none of the results obtained agree 
exactly together, although they all lie within a very narrow 
range. Under these circumstances men of science arc agreed 
upon a certain mathematical treatment, which when applied 
to a set of observations yields the best result ; and it will 
always be found that results thus obtained from sets of ob- 
servations agree togetlier much better than the results of 
individual observations. 

We see now the distinction between the two classes of 
errors. The one is an error of apparatus or observer that 
affects all the observations alike, and which cannot be got 
rid of by multiplying observations ; the other is an error 
which will manifest itself with the most perfect instruments, 
but which may be got rid of by multiplying observations. 

Let us now return to the case in hand, and suppose that 
Regnault had found a number of values for the pressure of 
aqueous vapoiu' at ioo°C, all slightly different from one an- 
other ; having previously rendered his apparatus and method 
of observing as accurate as he could, he would then group 
them together so as to obtain the most fkrobable result. 
The same thing will apply to an observation at any other 
temperature, so that at last we may suppose that the ob- 
server has obtained the most probable values of the pressure 
of aqueous vapotu" at the various temperatures of experi- 
ment. These results are not absolutely free from either of 
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the two kinds of error we have described, but only as nearly 
free as he can get them. It willjiowever be borne in mind 
that in this process, as we have described it, each different 
temperature is considered apart by itself, and the result ob- 
tained gives the most probable value of the pressure for any 
given temperature, the observations for this temperature being 
considered as quite unconnected with those for any other 
temperature. The question then arises, can we combine 
together and compare the various values thus obtained for 
different temperatures so as to make them mutually correct 
each other's errors ? This is to a great extent accomplished 
by the method of graphic representation. 

Let us, for instance, reckon the temperatures along a line 
of abscissas, afier the manner represented in the figure, and 
raise at the various temperatures of experiment ordinates 
proportional to the observed pressures ; and finally, connect 
the extremities of our ordinates together by a line. We shall 



F'g- 3*- 
find that this Ime, while it approaches very nearly to a regular 
curve, has yet ^great many sinuosities, and a little considera- 
tion will convince us that these irregularities do not denote 
any law of nature, but are merely due to the residual error 
in our observations; and that the most probable line de- 
noting the true law of nature, which we are seeking, will 
be a curve passing midway between these points and leaving 
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as many above it as below. Now suppose that when we 
have traced such a curve the eye yet detects an abnormal 
bend of considerable extent at some region where we can 
imagine no natural cause for any deviation in the regular 
sweep of the curve, then we may very jusily suspect that some 
error has crept into our determinations at that region, and we 
ought, if possible, to repeat our experiments. 

We thus see the value of this process in detecting errors, 
and it is one which is very generally employed by esperi- 



In the present case, Regnault, having constructed such a 
curve with great care, adopted it as the most probable repre- 
sentation of the law connecting together the pressures and 
temperatures of aqueous vapour, as shewn by the experi- 
ments which he had made. 

142, After we have constructed a curve of this kind, some- 
thii^ more yet remains to be done in order to make the 
experiments as serviceable as possible. For this purpose 
it is necessary to know the pressure for each exact degree 
from — 30° to Z30°C, and even for each tenth of a degree 
throughout part of this range. This may of course be deter- 
mined at once from the curve by raising ordinates at the 
points denoting these various temperatures and measuring 
their lengths with great exactness. In practice, however, an- 
other method is preferred. Our observations have furnished 
us wth a curve, but we do not know the exact equation be- 
tween the abscissae and ordinates which represent this curve ; 
if we knew this equation we might at once find the ordinate 
corresponding to any abscissa, that is to say, the pressiu'e 
corresponding to any temperature. But while we are ignorant 
of the exact equation we may try different equations, and we 
shall BO doubt be able to find formulES that will represent the 
progress of the curve with very great exactness, one formula 
suiting one part best and another another part. And thus 
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by means of these, which are called formube of interpolation, 
we may readily find the value of the pressure correspondii^ 
to each exact degree and decimal of a degree between the 
limits of the experimental research. 

148. CoTT«otioii for latitude and height above sea 
levdL In the results of Regnault's experiments the pres- 
sure is expressed in the length of the column of pure mercury 
which it will sustain, the mercury being at o°C, at the latitude 
of Paris (48° 50'), and at the height of 60 mfetres above the 
level of ihe sea, But we have already remarked (Art 21) 
that the absolute pressure of a column of mercuiy of given 
length varies with the latitude, and we may add that it varies, 
although but slightly, with the height of the place of obser- 
vation above sea level ; in fact its absolute pressure varies 
with the force of gravity at the place of experiment. If, 
therefore, Regnault had made his experiments at another 
latitude and height he would have obtained lengths of the 
mercurial column to denote bis pressures different from those 
which he obtained in Paris. 

The following is the formula by means of which the results 
at one latitude and height are made comparable with those 
at another. Let g denote the intensity of gravity at the 
latitude 45° and at the level of the sea, R the mean radius 
of the earth = 6366198 metres - 20886853 feet, also let \' 
denote the latitude of the place of observation, and h' the 
height above the level of the sea; then if^ denote the inten- 
sity of gravity at this locaUty, we have — 

Hence the force of gravity at Paris {latilude 48° 50') at the 
height of 60 mfetres above the level of the sea will be de- 
noted by 
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Also the force of gravity at Greenwich near London {laliiude 

51° 28') at the level of the sea=^x 1-000635. 

We see now that the pressure denoted by j6o miUimfetres 

or 29.923 inches of mercury at oX at Paris will correspond 

I 00036 
to 29-922 ■^ ' 

at London, and this is in accordance with what we have 
already stated (Art. 21). 

If, therefore, we adhere to centigrade degrees it is very easy 
to convert Regnault's table into one expressing the pressure 
of vapour at any temperature in inches of mercury at o^C 
at the place of observation ; but if we use degrees Fahrenheit 
we shall find that Regnault's tables do not give us the 
pressure at our precise points of temperature, and we shall 
have to calculate these as Regnault himself did, by adapting 
his formulse of interpolation to our case. In this adaptation 
it must be borne in mind that 212° Fahr. is not txactly 
lOoT. 

The Rev. Robert Dixon, in his work on Heat, has made 
the requisite adaptation with great care, and we cannot do 
better than present to oiu^ readers in an abbreviated form 
the tables he has calculated. 

They are adapted to the latitude 53° zi', which will answer 
very well for any station in Great Britain or Ireland. 

These tables, along with an abbreviation of Regnault's 
table, will be found at the end of this work ; they com- 
prise— /'.•■<. 

Table I. Shewing the pressure of aqueous vapour in 
inches of mercury at the latitude 53° 21' 
for each degree Fahr. from — 30° to 432°. 
Table II. Shewing the pressure of aqueous vapour in 
inches of mercury at the same latitude from 
' ' "^ 0° to looTahr. for every two-tenths pi. 
a degree, ( 1 i>| ■■■-'-'- 
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Table III. Shewing the pressure of aqueous vapour in 

, millimfetres of mercury at the latimde of 

. '.'■'/''. M'/^ '-• Paris (48° 50') for each degree Centigrade 

from — 32°C to + 23o''C. '' 

144. Pressore of other vftpours. Signor Avagadro 

and M, Regnauk have both detennined the pressure of the 

vapour of mercury at various temperatures, but their results 

can only be considered approximative. Regnault has also 

determined the pressure of other vapours at various lem- 

peratnres, and the following table gives the results of some 

of his experiments. 



Pressure of vapour in millm 


^tres of mercury. 


Temp. 
Cent. 


Alcohol. 


Etb«r. 


Sulphuret of 
C»tboii. 




-ao 


3-34 


68-90 


S:l.° 




-'5 


n 


89.31 






114.71 


79-44 




- S 


909 


146-06 


101-39 






ja.70 


184-39 


137.91 




+ 5 


17-61 


330.89 


160.01 






J4.J3 


186-83 


.98.46 




'S 


3 "-98 


353-63 


14413 






44-46 


43"-78 


398.03 


ife.47 


>s 


59-37 


S»5-93 


361-.3 


300.18 


30 


78-5 i 


634-80 


434-63 


347-S> 


35 


10J.91 


761.30 


519-66 


303-« 


40 


133-69 


90704 


617-53 


369.16 


45 


172.18 


1074-' 5 


■tn-hi 


446.01 ■ 


50 


31990 


1364-83 


857-07 


53S-OS 


55 


»78-59 


1481.06 


1001.57 


637-71 


60 


350-31 


i7a5oi 


1164.51 


755-44 


6S 


43690 


1998.87 


•34J-S3 


889.73 


70 


54" -'S 


»304-9o 


i55'-09 


1043-11 


lh 


66554 


3645-41 


.779.88 


1314.10 


80 


811.91 


3033.79 


103153 


1407-64 


85 


986.40 


3439-53 


3311.70 


.614..0 


90 


1189-30 


3898.36 


1619.08 


.865-" 


95 


l4'5-'3 


440181 


3966-34 


1.31.85 




1697-5S 


«53-30 


33«S-i5 


»4'8-B4 


105 




5556-"3 


3717.19 


3754-03 




1367^4 


6314.63 


4164-06 


3110-99 


115 


»773-40 


693316 


4637-4' 


3501-03 




3^31-73 


7719-ao 


5148-79 


^^my 
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14B. Influence of the obange ctf condition ftom 
liquid to solid on vapour pressnie. Experiments were 
made by Gay Lussac and Regnault from which it would 
appear that l/u passage of a substance from the liquid to the 
solid state is withoui influence upon the vapour densities, Cer-^ 
tain considerations introduced near the end of this volume 
would however lead us lo infer that in the curve which 
represents correct observations on the pressure of aqueous. 
vapour there is a slig^ht break near the freezing point. 

146. Dalton'B hypothesis regarding vapour prea- 
snreB. Daiton sup[>o9ed that the pressures of all vapours 
would be equal at equal distances from their respective 
boiling points. Thus, for example, water boils at a 1 2° Fahr. 
and alcohol at 173°. Of course at these temperatures the 
pressure of both vapours is equal, being represented by one 
atmosphere, or 30 inches of mercury. According to Daiton 
the pressures of these two vapours will also be equal at 

212 — lo-zoa" and 173—10- 163°. 
The hypothesis of Daiton does not generally hold, but for 
short distances on either side of the boiling point it holds 
approximately in a large number of instances '. 

147. Density of gaaes and vapours. When substances 
are compared together in the state of gas at the same tem- 
pterature and pressure, a very simple relation is found to 
subsist between their density and their combining chemical 
equivalent. This was first discovered by Gay Lussac, who 
found that when gas or vapours combine together, the volumes 
in which they combine bear a very simple ratio to one another. 
The following table, kindly furnished by Dr. Williamson, will 
serve to illustrate this law, which is generally called the law 
of volumes. The new notation is used. 

> Br. Cunelly has recently published In two large Tolomea very 
implete tables of melting and boiling pointi and likewi^ of vapoor 
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Vapour volume of compounds. 

HydTOcliliiric»cid(HCl) i vols..,, i vol. hydrogen + i vol. chlorine, 
Hydrobromic acid (H Br) a vols. ,,. l vol. hydr<^en + I vol. bromine. 

Hydriodic scid (HI) i vols i vol. hydrogen + i vol. iodine. 

Steam (H'O) a vols. ... a vols. hydrc^n + i vol. onygen. 

Atnmonui (N H*) i vols. . . . i vol. oitrogeq + 3 vols, hydrogen. 

We see from this table that equal volumes of chlorine and 
Jiydrogen, for instance, combine together without change of 
volume to form hydrochloric acid gas, which contains one 
atom of hydrogen united to one of chlorine. Equal volumes 
of chlorine and hydrogen contain therefore an equal number 
of atoms of these elements. 

There are thus three laws which bear immediately upon 
the density of gases, r. The above law of volumes, in which 
the density of a gas at a given tttnptrature and pressure is 
shewn to depend upon its chemical constitution ; 2. Boyle's 
law, in which the density of a gas of a given cmsliluHon 
and lemperalttre is shewn to depend upon its pressure; 
3. Charles' law, in which the density of a gas of a gisen 
constilution and at a given pressure is shewn to depend upon 
its temperature. 

148. Many experiments have been made with a view to 
determining whether these three laws hold for all gases and 
vapours, and we shall now very briefly indicate the various 
methods pursued in these investigations. 

In the first place, Gay Lussac's method in his researches 
consisted in ascertaining the volume occupied by a known 
weight of liquid when entirely converted into vapour at a 
certain temperature and pressure. 

It is, however, essential to this method that the whole of 
the liquid should be converted into vapour, and hence it is 
inapplicable to a gas at its maximum density and in contact 
with its own liquid. It only applies to cases where the 
density is considerably inferior to that of saturation. No 
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doubt the density of saturation might be calculated from an 
experiment of this kind, if we supposed Boyle's law to hold 
good ; but one great object of such experiments is to deter- 
mine whether this law holds accurately for gases near their 
point of saturation. 

In order to obviate this objection M. Despretz introduced 
a method which consists in filling with gas or vapour at 
different temperatures and pressures a balloon of known 
weight screwed on the top of a barometer tube. 

Afterwards Dumas, in order to experiment upon gases 
that act upon mercury, and to obtain results at high tem- 
peratures, used a glass balloon G drawn out to a fine point 
(Fig. 35), which was first of all well dried and weighed, the 
temperature and pressure of the air being at the same time 
accurately noted. The balloon 
was then slightly warmed and 
its point immersed in the 
liquid of which it was wished 
to find the vapour density, and 
as the balloon cooled a small 
quantity of this liquid entered 
it. The balloon was then heated 
in a bath to a point somewhat 
above the boUing-point of the 
liquid which it contained, and 
kept there until there was only 
vapour in the balloon ; it was 
then hermetically sealed, the 
temperature of the bath and 
the barometric pressure of the 
air being both accurately noted. pig^ jj. 

Finally, it was once more 

weighed when cool. Dumas thus obtained two weighings, 
one of the balloon filled with ^r of known pressure and 
..- .Coogic 
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temperature, and the other of the same balloon filled with 
vapour of known pressure and temperature, from which he 
was enabled to determine Che denaty of the vapour. 

More lately Renault has made several series of experi- 
ments on this subject. 

I. His first series was on the density of aqueotis vapour 
Ml ■Docuo at the temperature of boiling water, and under a 
pressure not exceeding half an atmosphere; and he found 
that both Boyle's and Gay Lussac's laws were applicable 
within the limits of his experiments, but when the pressure 
approached more nearly to its maximum, he found that 
the density increased more rapidly than the pressure. 

a. His second series was on the density of aqueous 
vapour in vacuo at temperatures not very far removed from 
that of the surrounding medium, and from these he con- 
cludes that the density of aqueous vapours in vacuo and 
under feeble pressures may be calculated according to 
Boyle's law, provided that the fraction of saturation does 
not exceed o.S, but that this density is notably greater when 
we approach more nearly to the state of saturation. He adds, 
however, that this latter circumstance may be owing to one or 
both of two causes ; either aqueous vapour really suffers an 
anomalous condensation on approaching its point of saturation, 
or a portion of the vapour remains condensed on the surface 
of the f^ass, and does not assume the aeriform state until 
the mass of vapour is at some distance from the point of sa- 
turation. 

3. Regnault has also examined the density of aqueous 
vapour in air at its maximum value for the temperature of 
experiment between the limits 0° and a5°C, and he con- 
eludes that the density of aqueous vapour in air, in a state 
of saturation and under feeble pressures, may be calculated, 
without much error, from Boyle's law. 

Messrs. Fairbaini and Tate have lately made experiments 
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to detennine the density of steam at different temperatures, 
and to find the law of expansion of superheated steam. 

The general plan of their method of ascertaining the 
density of steam consists in vaporizing a known weight of 
water in a large glass globe with a stem, of known capacity 
and devoid of air, and observing the exact temperature at 
which the whole of the water is just vaporized. 

In the following table these authors exhibit the relation 
between the specific volume, pressure, and temperature <S 
saturated steam as determined from tbeir experiments. 
Specific volume denotes the number of times the volume 
of steam exceeds the volume at 39°.! Fahr. of the water 
from which it is raised. 
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With regard, in the next place, to superheated steam, the 
results of these experiments shew that for temperatures 
within about ten degrees from ihe maximum temperature of 
saturation, the rate of expansion on account of heat greatly 
exceeds that of air, whereas at higher temperatures from 
this point the rate of expansion approaches that of air, so 
that as the steam becomes more and more superheated, the 
coefficient of expansion approaches that of a perfect gas, 
while at or near the maximum temperature of saturation 
the coefficient of expansion greatly exceeds that of a perfect 
gas. Dr. Hermann Herwig has lately been engaged with 
an elaborate investigation on the conformity of vapours to 
Boyle's and Charles' laws. He states that whenever a 
sensible deviation of purely saturated vapour from the 
gaseous state has place, a very considerable elevation of 
temperature is necessary in order by superheating a constant 
volume to make it pass into the gaseous condition. 

We thus perceive that near their points of saturation 
gases and vapours would appear to depart both from Boyle's 
and from Charles' law, while probably if the pressure under 
which they exist be far inferior to that of saturation these 
laws are obeyed. 

Generally speaking we may presume that the three laws 
■which we have be/ore enunciated as regulating gaseous density 
{namely the law of volumes, Boyle's law, and Charted law), 
onfy held accurately in the case of perfect gases. 

149. Regnault has furnished us with the following deter- 
mination of the weight of a litre of the most important gases. 

Weight of one litre (6i,oajogcubic mches) of air, oxygen, 
hydrogen, nitrogen, and carbonic acid gas. 
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. Name or g«. 


SptdBc giaTily. 


of mercury rei 

at Ibe latitui 

(=39c)I4inch. 

« 32" at I 


Air 


MOS7 
0.0693 
0.971+ 
1.5J91 


1.J93187 grammes. 






Nitrogen 

Carbonic acid ... 


i»5?i^7 :; 

"■977414 -. 



■ We have also the following specific gravities of vapours. 



Vapoorof water. . , 
„ alcohol 
„ ether... | 



0.6235 
'-61 33 

a-5B6o 



Gay Lnssac and Thenard. 
GayLoasae. 
I Gaj LuEsac. 



150. Hygrometry. Hygrometry is that branch of science 
which treats of the State of the air with regard to moisture. 
As this is one of the elements which form the climate of a 
place, and as the human body is very much affected by the 
hygrometric state of the air, the subject is one of much 
practical importance. 

There are several facts regarding the vapour present in 
the air which it is very desirable to know. 

15L One of these is its Pressure, Suppose that we were 
to isolate in a vessel a cubic foot of air, allowing it to re- 
main at its present temperature and pressure, and then to 
introduce into the vessel containing it a substance which 
absorbs moisture ; the air by this means will be rendered 
dry, and its pressure will be diminished by an amount 
representing the pressure of aqueous vapour present in the 

It is of importance to know what this pressure is, for upon 
this, among other things, depends the behaviour of the air 
when it is cooled down. If, for instance, at the higher tem- 
perature there be present nearly as much aqueous vapour as 
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ibe ur can contain at that temperature, then if the air be 
cooled down only a few degrees, some of this vapour will be 
deposited in the liquid or solid state. The temperature at 
which this takes place is called the dew-point. We thus see 
that if the pressure of vapour in the air at its existing tempera- 
ture be great the dew-point will be high, but if this pressure 
he small, the dew-point will be low in the thermometric scale. 

152. Another object of research is the relative humidity 
of the air. Of course all substances exposed to the air will 
be affected by the deposition of moisture when the dew- 
point is reached ; but many substances will be affected long 
before this takes place : our bodies for instance, will expe- 
rience the wetness of the air long before. On the other 
hand, if the present temperature be far above that of depo- 
sition, we pronounce the air dry. It ought here to be 
observed that the sensation of dryness or wetness does not 
depend i^>on the absolute amount of aqueous vapour pre- 
sent in one cubic foot of air. For if the temperature be 
very low, although the air may not contain much aqueous 
vapour, yet this vapour may approach very nearly to the 
maximum amount which can be retained at the tempera- 
ture, and the air will be pronounced wet. But if the very 
same mixture of air and vapour be heated up many degrees, 
the vapour will represent only a small fraction of the total 
amount which can be retained at the higher temperature, and 
hence the air will feel very dry. If this high temperature be 
produced by a stove, it may even be necessary to place near 
the stove a vessel containing water in order to increase the 
amount of aqueous vapour present in the air. 

We see now what is meant by the dryness or wetness 
of the air, and all that remains is to express it numerically. 
This is done by the conception of relative humidity, which 
may be thus defined. Relative humidify is the fraction ex- 
pressing the ratio between the amount of vapour actually 
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present in the air at a given temperature and the greatest 
amount of vapour which it can contain at that tempera' 
ture. The greatest amount, representing complete satura- 
tion, is generally reckoned equal to 100, and on this 
principle go, 40, 30, &c. will denote that the air contains 
50, 40, 30, &c. per cent, of the maximum amount which 
can be contained at that temperature. 

163. The weight of vapour present is another object of ' 
interest. In order to know completely the state of the air 
it is necessary to know the weight of vapour present in a 
given volume of air, and also the entire weight of a given 
. volume of air, or its specific gravity. This last element is 
necessary on another account, for a body weighed in air is 
lighter than if weighed in vacuo by the weight of its own 
bulk of air; in very delicate weighings, therefore, it is 
necessary to find the exact weight of the air displaced by 
the body ; and in order to obtain this information it is not 
sufficient to know the temperature and pressure of the air, 
but we must also know the weight of vapour contained in 
a given volume of air. 

Finally, for meteorolc^cal purposes it may be desirable 
to investigate what may be termed the hygromttrie gualily 
of the air. This may be defined to be the ratio between the 
weight of one cubic foot of air and that of the aqueous 
vapour present in it Since dry air and aqueous vapour are 
affected by temperature and pressure according to the same 
laws, it is evident that the hygrometric qualify will not vaiy 
unless there be either evaporation, precipitation, or mixture 
going on in the air. We may thus probably expect that the 
hygromelric quality of a body of air Is less easily altered than 
either its temperature or pressure. 

By testing the quality of the air at various points of the 
earth's surface we may therefore possibly obtain an amount 
of physical knowledge of the motion of our atmosphere com- 
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parable to that which we have obtained regarding oceanic 
currents from observations of sea-temperature and saltness. 

164. Having now mentioned the objects sought in hygro- 
metry, let us proceed to describe shortly the various instru- 
ments made use of in this science. We may state at the 
commencement that there are various means of ascertaining 
in a general way the dryness or wetness of the air. We may, 
for instance, use some substance which has a great affinity for 
water and readily deliquesces. Such a substance, if the air 
be very dry, will remain a long lime comparatively unaf- 
fected, but if the air be moist it will rapidly deliquesce. In 
the next place, various substances have the property of 
becoming elongated when moist and of contracting again 
when dry ; a hair, for instance, possesses this property, and 
Saussure has used it in his hair hygroscope. Other bodies, 
such as catgut, untwist when moist and twist when dry ; and 
a toy has been made in which there are two %ures, a man 
and a woman, suspended by catgut in such a manner that 
the man comes out when the air is wet and the woman when 
it is dry. AH these methods, however, indicate rather than 
measure the hygrometric slate of the air— they are kygro- 
scopes rather than hygrometers — and 
we proceed from these to instruments 
by which the state of the air with re- 
gard to moisture may be determined 
with precision. 

156. Bew-point instrumenta. 
DameU'fi dew-point hygrometeT. 
This instrument (Fig. 36) is com- 
posed of two glass bulbs. The one 
A is more than half filled with ether, 
Fig. 36. and contains a delicate thermoiheter 

plunged in the ether ; the space above is void of air and 
of everything but the vapour of ether. The bulb £ is covered 
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with some fine fabric, such as muslin, upon which ether is 
dropped ; the evaporation of the ether produces intense 
cold, in consequence of which the ether vapour inside B 
is rapidly condensed, and of course the ether in A as 
rapidly evaporates. The evaporation of the ether at A 
cools the bulb until the air in contact with it sinks below 
the dew-point. Dew is therefore deposited on the outside 
of'^, which is made of black glass in order that this depo- 
sition may be more readily observed. At the moment of 
deposition the thermometer in A is read. When the dew 
disappears, as the temperature rises, the same thermometer 
is also read, and the mean of these two readings is taken 
to indicate the dew-point. The thermometer C gives the 
temperature of the air. 

166. Begnault's dew-point hygrometer. Regnautt 
has invented a dew-point 
hygrometer which is free 
from some of the objections 
to which Daniell's is liable. It 
consists (Fig. 37) of two tubes 
of polished silver having glass 
tubes fixed to them. The 
tube A is half filled with t 
ether. It contains a thermo- 
meter / with its bulb in the 
ether, and also a fine glass 
tube C open at both ends, 
the extremity C being open 
to the atmosphere, and the 
other open end being plunged 
below the ether of A. The 
bulb B also contains a ther- p- 

mometer /, the object of 
vhich is to indicate the temperature of the air. Thp^e is 
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a communication between the air in ^ and the tube DE, 
and to the end E of this tube is attached an aspirator. By 
means of this aspirator the air from A is drawn through the 
tube DE, and its place supplied by new air entering at C 
and bubbling up through the ether. This continual current 
of air passing through the ether causes it to evaporate rapidly, 
and a diminution of temperature is thus produced, until a^ 
last dew is deposited on the polished "silver oi A ; the exact 
moment of deposition may easily be observed, and if the 
temperature of / be immediately noticed, we obtain the 
dew-point with great exactness, since the agitation of the 
ether renders it certain that the temperature of this thermo- 
meter is precisely the same as that of die polished silver. 
The moment of the disappearance of the dew may also be 
noted, but we have not in this case the same certainty that 
the thermometer and the polished silver are of the same 
temperature. 

167. Wet and dry btilb hygrometer. This instrument 
was devised by Mason, and consists of two thermometers 
(Fig. 38) placed alongside of each other, one having a diy 
bulb and the other a bulb covered with muslin, kept moist 
by an arrangement similar to that in the figure. Owing to 
the evaporation from the latter its temperature will be gene- 
rally below that of the former, and this difference will be 
greatest when the air is very dry,while in a very wet atmosphere 
the two temperatures will nearly coincide ; the reason of 
this being that evaporation (Art lai) is more rapid in dry 
air. 

It might at first aght appear that the difference between 
the two instruments would depend, not only on the dryness 
of the air, but also upon its velocity, since we have seen 
(Art. 121) that agitation of the air is favourable to evapora- 
tion. Unquestionably the withdrawal of heat by evaporation 
is greater when there is a current of air, but then it must be 
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remembered that the difficulty of keeping a thermometer at 
a temperature below that of the air is increased by .the same 
cause and very nearly in the s 
This arrangement may be 
advantageously employed as 
a simple method of ascer- 
taining the hygrometric state 
of the air with considerable 
accuracy, and for this pur- 
pose a formula, devised by 
Dr. Apjohn, is employed. 

This formula is founded 
on the following assumptions. 
It is assumed, in the first 
place, that the particles of 
air in contact with the wet 
bulb are reduced by its cool- 
ing agency from the tem- 
perature of the surrounding 
air to that of the wet bulb, 
and that in consequence they 
give up a certain amount of 
heat to the wet bulb. On 
the other hand, the evapora- 
tion of the moisture around the wet bulb drains it of 
beat Now, when the temperature of the wet butb has be- 
come constant, the heat which it receives from the air must 
be precisely equal to that which is taken from it by the 
evaporation. 

It is furthermore assumed that the particles of air sur- 
rounding the wet bulb are saturated with vapour. By means 
of these assumptions it is possible to find the hj^o- 
tuetric state of the air. In order to prove this let us sup- 
pose that d denotes the difference in degrees Fahrenheit 




Fig. 38. 
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between the temperature of the ^r and that of evapora- 
tion, or, in other words, between the dry and wet bulb ; 
also let/* denote the maximum pressure of vapour cor- 
responding to tiie temperature of the wet bulb, while/" 
denotes the pressure of vapour present in the air which 
we wish to find, and h denotes the height of the barometer 
in inches. 

Knowing the specific heat of air Apjohn found that 4193 
grains of air will, in cooling through d degrees, give out 
SufiicienC heat to vaporise d grains of vapour. If, therefore, 
in the course of a certain time 4195 grains of air have been 
cooled down through d degrees by the wet bulb, they must 
have imparted to it a quantity of heat which {since its tem- 
perature remains constant) must have been wholly spent in 
evaporating .f grains of vapour. 

Now, this quantity of air is also supposed to have be- 
come saturated with vapour at the temperature of the wet 
bulb. But in order to be saturated at this temperature 

the ah must contain 2613.88 x =4- grains of vapour. Of 

these we have seen that d grains have been supplied by the 
wet bulb, so that the air must have had in it previously 

t the 

unfenown vapour pressm'e of the air is supposed to ht/", 
and hence the quantity of vapour originally present in this 

amount of air must have been 2613,88 -r-. We have 

thus obtained two expressions for the weight of vapour 
originally present in this air ; that is to say, 



26i3.884-''=26i3.88^, 
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or approximately 

2610 (/'-/") = rfA ■■./"■/'- ^x~. 

by which means/" may be easily found. For temperatures 
of evaporation below 32° Fahr., the formuk becomes 

the latent heat of evaporation being here somewhat dif- 
ferent. 

Having found/", or the pressure of the vapour present in 
the air, we have only to look in our table for the temperature 
of which the saturation pressure is/" in order to obtain 
the dew-point. Now it has been found, as the result of 
numerous experiments, that the dew-points obtained by this 
simple method agree very well with those determined by 
dirtct observation with Daniell's or Regnault's dew-point 
hygrometer. 

168. Weight of Taponr prosent in air. Speoifio 
graTit7 of air. We can easily calculate the weight Wof 
a litre of dry air at temperature fC, and of pressure P 
millimetres, by the formula (see Arts. 136, 149) — 

In like manner if we wish to know the weight B^ of a 
litre of aqueous vapour at temperature / and pressure P", 
we have (Art 149) — t-= 'r'c. 

pt J +- • 

W = 0.6235 X 1. 293187 grm. X -7- X , , ,^ ^ V - i ' 

700 i-|-.oo307xf 1^ , yj-« 

Suppose now it is wished to know the weight of one litre f . ; 
of air at a temperature is^C, and pressure equal to that/;,,, 
of 750 millimetres of mercury reduced to o^C at Paris, the >. _ 
dew-point being lo^C. 

By Table III., at the end of this work, we find that the 
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vapour pressure corresponding to lo^C is 9.165 millimbtres. 
Hence 740.835 millimetres will represent the pressure of diy 
air, and 9.165 millimetres the vapour pressure at the time of 
observation. Now the weight of the dry air in one litre 

will be — 

fr-i.»g3i87 gniLX — ' ■ - x — ^ 5 ^1.19480 vrm.; 

^^ ' ^ 760 i^Too^TxTsJ ^^ ^ • 

also the weight of vapour in one litre will be — 

Hence the whole weight of one litre of air will be 
I.Z0401 gramme. 

168. Correction for weighing in air. This will be 
best understood by an example. Suppose, for instance, 
that a substance of the approsimate specific gravity 3.5 
weighs 100 grammes in the air of which the we^ht was 
determined in last article, and that the approximate spe- 
cific gravi^ of the weights against which it is compared 
is 9.0. 

Now since the specific gravity of the substance is 3.5, we 
see from Art 76 that the weight of a cubic d^cimfetre or litre 
of the substance will be 3.5 kilogrammes, or 3500 grammes ; 
and hence, since it only weighs 100 grammes, its volume 



In like manner the volume of the weights against which it 

is weighed will be = .01 litre. 

" 9000 

The weight of air displaced by the substance will there- 
fore be — 

1.304 gramme X .04 > .04816 gramme, 
and that displaced by the weights will be .01324 gramme 
nearly. 
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Hence the substance will weigh heavier in vacuo than in 
air by .04816 gramme. 

In the next place it must be remembered that the rea/ 

weight of the body in air is somewhat less than 100 grammes, 

for the weights against which it is balanced denote 100 

grammes in vacuo, and hence in air they will denote — 

100— .01324 = 99.98676 gimmes, nearly. 

Therefore — 

99.98676 + .04S16 = 100.03492 grammes 
will be the true weight of the body. 



CHAPTER VIII. 
£Jiel of Heat upon other Properties of Matter. 

160. In the preceding chapters we have described the 
action of heat upon bodies, -chiefly as it affects dieir volume 
and condition; but this agent also affects them in many 
other ways, and to these we shall now allude ; but in the 
first place it may be well to recapitulate very shortly the 
leading results of the preceding articles. 

We have seen that as the temperature of a solid rises it 
abnost invariably expands in volume, and also that the co- 
efficient of expansion is greater at a high temperature than at 
a low one. If we continue to heat the solid it will ultimately 
assume the liquid state. In some bodies this change of 
state takes place very abruptly, but in others very gradually, 
so that they require a very considerable range of tempera- 
ture in order to comfJete the change and become perfecdy 
liquid. Sealing-wax is an example of the latter class, and 
ice |»x>bably of the former. 

In many cases there is an increase of vtdiune as a body 
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passes from the solid to the liquid state, but in others, such 
as ice, there is a considerable diminution. In all cases a 
quantity of heat is rendered latent by the change. When the 
liquid state has been complelefy assumed any iiirther increase 
of temperature will generally increase the volume of the liquid 
also. The coefficient of increase of volume is greater in 
liquids than in solids, and, just as in the case of solids, it 
is greater at a high temperature than at a low one. 

If we continue to heat the liquid it will ultimately assume 
the gaseous state, and during the process of change a great 
quantity of heat will be rendered lalent, and a very consider- 
able expansion will under ordinary circumstances take place. 
There is some reason to think that, just as in the previous 
case so here, the state of a perfect gas is not instantaneously 
assumed, and that a vapour in contact with the liquid which 
produces it is not a perfect gas. If however this vapour, 
separated from the liquid, be allowed to expand in volume 
while its temperature is not diminished, it will approach 
more and more to the state of a perfect gas. 

161. We shall afterwards see, when we come to treat of 
the conduction of heat, that the thermal conductivity of a 
body becomes lessened as its temperature increases; and, 
under the head of Specific Heat, we shall also find that this 
quality of a body becomes altered by change of temperature. 
In the meandme let us endeavour to shew how the other 
properties of a body arc altered by increase of temperature. 

Effect of Tehpesature upon the Refractive and 

DisPERsrvK Powers of Substances. 

162. One of the first experiments on this subject was that 
made by Jamin, who gradually cooled down water to the 
freezing point, and found that as it cooled its index of re- 
fraction went on gradually increasing even after the point of 
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maximum density (4°C) had been reached. This obsertation 
was afterwards conSimed by Messrs. Dale and Gladstone, 
who however found that the reversion at 4''C of the be- 
haviour of water was not without influence on the refrac- 
tion, and the following table exhibits the result of their 
inquiries r^arding the refractive index of water at different 
temperatures. 

Temperalure RefractEve index foi Refriclire indei for ReftactiTe index for 
line^ofthe line Z) of the line^ofthe 

lolat ipectium. lolac tpectrum. lolii tpectram. 



1-33367 
I-3334* 



I -34366 

1-343'^ 
1-34337 
1-3433 1 



Messrs. Gladstone and Dale have since examined a great 
many different liquids ; their mode of research being to use 
the liquid as a fluid prism by which to obtain a solar 
spectrum ; and they have found — 

1. That the refraction uniformly diminishes as the tempera- 
ture increases. 

2. That the solar spectrum given iy the sulstance diminishes 
in length; that is, the dispersion becomes less as the temperature 



Effect of Temperature upon the Electrical 

Properties of Bodies, 

163. Thermo-electric currents. It was discovered 

by Seebeck that if a circuit composed of two different metals 

soldered together have one of its junctions heated, an electric 

current will be produced. Thus in Fig. 39, if the lower plate 
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be made of bismuth and the sides and upper plate of copper, 
and if one of the junctions be heated, tben a current of 
electricity mil circulate in such a manner that there vill be 
at the heated junction a flow of positive electricity from the 
bismuth through the copper to the cold junction. The 
direction of this current is represented by the arrow- 
f. ^_ head. The existence of 

this current may be easily 
rendered evident; for we 
have only to place the 
compound circuit with its 
length in the magnetic 
meridian, so that a mag- 
netic needle inside will 
■ take the direction C C, 
and then by healing the 
junction C by means of a lamp the north pole of the needle 
will be deflected as in the figure. The current so produced 
is called the thermo-electric current 

164. Thermo-electrio seriM. If a compound circuit be 
made with any two metals in the following list, the positive 
current will go across the heated junction from the metal 
nearest the top to that nearest the bottom of the Ust : — 
Bismuth Tin Silver Antimony 

Nickel Copper Zinc Tellurium. 

Lead Platinum Iron 

It will be seen that bismuth and antimony are nearly at 
opposite extremities of this table, and as both these metals 
are easily obtained they are generally employed in thermo- 
electric combinations. 

166. Thermo-pile. It was formerly assumed that the 
quantity of electricity set in motion by heating the junction 
of a compound circuit is proportional to the difference in 
temperature of the two junctions. It wUl be afi^uwards .seen 
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(Art. 166) that when the heating is very great this law docs 
not hold, but if the junction be only heated slightly it will 
represent the truth. In this latter case, if we can find means 
to measure the strength of the current we obtain at the same 
time a measure of the difference in temperature of the two 
junctions, and thus the combination will be equivalent to a 
differential thermometer. 

In adapting a thermo-electric arrangement to this purpose 
three things have to be borne in mind, if great delicacy be 
desired. In the first place, it will 
be necessary to produce as strong 
an electric current as possible; 
in the second place, we ought to 
render this current as effective as 
possible in deflecting a magnetic i 
needle ; and in the third place, 
we ought to magnify the smallest 
motion of the needle so as to 
make it visible. 

In order to produce as strong 
a current as possible, a number ^'s- V- 

of pieces of antimony and bismuth are soldered together, 
as in Fig. 40, and when the beat is applied to the upper 
junctions we have the united effect of all the currents 
at the hot junctions passing through the circuit, in- 
cluding the galvanometer, in the direction of the arrow- 
heads. 

In practice a square block, containing altogether twenty- 
five couples of bismuth and antimony, is generally employed, 
and such an arrangement is called a thermo-pile. This 
instrument is however incomplete without a galvanometer; 
and we shall now shortly describe Professor Sir William 
Thomson's reflecting galvanometer, which is admirably 
adapted for use with the thermo-pile. In this galvanometer 
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a small magnet m (Fig, 41) acts as a magnetic needle; it is 
attached to the back of a small flat circular mirror which 
is delicately suspended by a fine thread. 
The needle is surrounded by coils of the 
wire which conveys the current of the 
therrao-pile, and when the current is pass- 
ing, the needle and attached mirror will of 
course be defected out of their previous 
Fie. 41. position. But the needle m is under 

the influence of the earth's n:iagnetism, 
and under ordinary circumstances a very weak current 
coming from the thermo-pi!e would be able to turn this 
needle only a very little distance out of the magnetic meridian 
before it would be stopped by the earth's magnetic force 
tending to bring it back. A rather large magnet Af (Fig, 42) 
is however placed in such a position as to counteract 
as nearly as possible the earth's magnetic force upon 
the needle m which is inside G. The consequence of this 
arrangement will be that whereas without M the earth's 
magnetic force would overcome the current when the mag- 
net m bad been deflected but a Uttle way; now, by means 
of M, the earth's magnetic force on m being very nearly 
counteracted, the magnet m will behave as if it were astatic, 
and will describe, when acted on by the current, a very 
much larger arc before it is checked. 

In the next place, a small motion of m is rendered visible 
by the following means. Since the needle is attached to the 
back of a freely-suspended mirror, any motion of the needle 
will of course be followed by an angular deviation of the 
mirror. Now the light from an illuminated slit s, having 
first been made to pass through a small lens in the galvano- 
meter Gi falls upon the mirror and is reflected back in the 
line Gs' so as to throw an image of the luminous slit upon 
a graduated scale. It is evident from this arrangement that 
,.,.,, t.oogk- 
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a comparatively small change in the plane of the mirror will 
produce a very large change in the position of the luminous 
im^e on the scale. Also, from what has been said it will 
be seen that this instrument combined with the thenno-pile 



Fig. 4J'. 

will have all the requisites of a very delicate differential 
thennometer. For, in the first place, by means of a pile 
with a number of pairs we produce a strong current of 
electricity; secondly, the needle is very sensitive to the in- 
fluence of this current ; and thirdly, small motions of the 
needle, are magnifled so as to be rendered easily visible, 
being at the same time strictly proportional to the strength 
of the current which causes them. When used to indicate 
the presence of radiant heat the pile is generally furnished 
with a brass cone c, the interior of which is polished ; by 
which means not only the heat which reaches the pile itself 

' This figure is here inserted bj the kind permissioQ of the late 
Mr. C. Becker of Messrs. ElUott Brotheis, London. 
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but ihat which falls upon the cone is ultimately reflected 
upon the face of ihe pile, and its aensibility is thereby 
greatly incrcaaed. In the figure there are two brass cones, 
but in the experiment we are deacriWng only one of these 
is exposed to the source of heat, the other being shut by 
a brass cover. The junctions of the pile are also usually 
covered with lamp-black, a substance which absorbs nearly 
every kind of radiant heat. So delicate may an arrange- 
ment of this description be made, that if a substance be 
presented before the cone c one degree Fahr. hotter than the 
pile itself, the mere radiatiim from this substance, by very 
slightly healings the one face of the pile, will in some in- 
struments cause a change in the position of the reflected 
luminous image equal to go or 60 divisions of the scale. 

On account of its great dehcacy an arrangement of this 
kind is eminently adapted to researches on radiant heat 
— as we shall see when we come to that branch of our ■ 
subject. 

166. Thermo-eleotrio inrersions. It was at first sup- 
posed that the current produced by heating one junction of 
a compound-circuit would prove to be proportional to the 
difference in temperature between the two junctions. This, 
however, is not strictly the case. Gumming was the first 
to shew that in a circuit of certain metals, if one junction is 
kept cool while the other is gradually raised in temperature, 
the current, instead of going on regularly increasing, begins 
to diminish, then comes to a stop, and ultimately sets in the 
opposite direction. This observer found that if gold, silver, 
copper, brass, or zinc wires be heated with iron the direction 
of the current becomes changed at a red heat. This subject 
has recently been investigated with much completeness by 
Professor Tait. 

167- Frro-eleotrioit;. Certain minerals when heated 
acquire electrical properties. One of these is tourmaline, in 
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which this effect of heat was originally discovered by ob- 
serving that when brought into contact with hot ashes it first 
attracted and then repelled them. It was found by Canton 
that it is not the absolute temperature but change of tem- 
perature which renders a tourmaline electric. Suppose, for 
instance, we have a tourmaline whose poles we call A 
and B. If this tourmaline be kept sufiiciently long in a 
medium of constant temperature it will exhibit no electric 
manifestations. If it be transferred into a warmer medium, 
A will exhibit positive and B negative electridty; while if 
transferred into a colder medium, A will exhibit negative and 
B positive electricity. 

A similar property is possessed by other crystals, and 
Hatly was the first to remark that those crystals are pyro- 
electric which are deficient in symmetry. 

168. Effect of temperature upon the eleotrio con- 
duetivity of bodies. Pure metals. This subject was 
first studied by Sir H. Davy, but the latest and probably 
the most accurate research is that of Dr. A. Matthtessen and 
M. Von Bose, who have obtained the following results : — 
Electric condnclivilj. 
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conductivity of the different metals is' very nearly the same 
at ioo°C as at o", while by the second column we see that 
the decrement between o° and loo" is nearly 29 per cent, for 
each metal. 

A later research by Dr. Matthiessen and C. Vogt shews 
that thallium and iron are exceptional in their behaviour, 
and that for thallium the decrement between 0° and 1 00*^0 
is 31.43 per cent. In like manner the decrement for pure 
iron between the same limits was found to be 38,26 per cent. 

190. Liquids. Marianini was the first to shew that an 
increase of temperature exalts the electric conductivity of 
liquids, and his results have since been confirmed by 
Becquerel, who made experiments on solutions of sulphate 
of copper and sulphafe of zinc, and on the nitric acid of 
commerce. From these it appears that a difference of from 
zo to so^C suffices to double the conductivity of these 
liquids, probably by facilitating electrolysis. 

170. Bad oonduotors. Heat converts many insulating 
solids into conductors by making them liquid, and of these 
ice is a notable example, which insulates when solid, but 
conducts electricity in the fluid state ; also glass, resin, and 
wax, which insulate at ordinary temperatures, become con- 
ductors at a temperatiue sufficient to soften them, and their 
conductivity is still more increased when they assimie the 
liquid state. There are, nevertheless, many substances in 
which igneous fusion does not develope conducting power, 
and of these sulphur, phosphorus, and camphor may be 
quoted as examples. 

Finally, the loss of electricity in dry air increases very 
sensibly with the temperature. 

Effect of Temperature on Magnetism. 

171. If we heat a magnetised bar of hard steel we produce 
a diminution in its magnetism, but if the heating be not too 
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great, when again cold it will recover its former state. In 
such a magnet, therefore, the intensity will be a function of 
the temperature. But if this bar be brought to a white heat 
it will totally lose its magnetism, and will not recover it 
when agEun cooled. 

Besides the reversible action above stated there is reason 
to think that all changes of temperature, whether from cold 
to hot or from hot to cold, diminish to some extent the 
permanent magnetism of a steel bar. 

In like manner a soft iron bar when it is brought to a red 
heat is no longer attracted by the magnet. Nickel also 
ceases to be magnetic at the temperature of boiling oil, or 
about 6oo°Fahr., and cobalt at an extremely high tem- 
perature. 

It is probable that change of temperature produces a 
complex change not only in the magnetic qualities of iron 
but in its whole molecular structure. 

Professor Barrett (working out an observation by Mr. 
G, Gore) finds that when an iron wire is just heated to white- 
ness and then allowed to cool, as it reaches a point of barely 
visible redness a sudden cherry-like glow takes place accom- 
panied with a momentary elongation. 

Professor Tait likewise shews that iron exhibits an 
anomalous thermo-electric deportment at a red-heat, and 
suggests that iron becomes almost a different metal on 
being raised above a certain temperature. 

ElTKCT OF TEMPERATtJRZ OK ChBMICAL AfFINITY. 

172. An increase of temperature in a great many instances 
promotes chemical combination. Thus phosphorus, if slightly 
heated in osygen or air, takes fire ; and, generally speaking, 
a large number of bodies which do not combine together 
at ordinary temperatures do so when the temperature is 
increased. , nnol - 
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Sometimes, however, heat promotes chemical decomposi- 
tion, especially when the products of such decomposition are 
gaseous. Thus, if limestone be heated it parts with its car- 
bonic acid gas and is converted into lime. Many substances, 
too, which possess little chemical stability, decompose on the 
application of heat, often with explosive violence. The ter- 
chloride of nitrogen, and the various fulminates, are examples 
'of this class. The effect of heat upon the solvent powers of 
bodies has been already alluded to. 

Effect of Temperature on other Properties of 

Matter. 
178. It is well known that an increase of temperature 
alters the behaviour of a liquid in a capillary tube. M. Wolf 
and also M. Drion have lately made some interesting experi- 
ments on this subject, in which the capillary tubes containing 
the liquids were heated very considerably under pressure. 
M. Drion has come to the following conclusions :- — 

1. That for the liquids studied the capillary meniscus 
remains concave until the moment of complete evaporation ; 
its form at that instant being plane. 

2. That for the same liquids the capillary ascendon and 
curvature diminish as the temperature rises, until the moment 
of complete conversion of the liquid into vapour. 

An increase of temperature affects also the estenaibility of 
bodies. Wertheim has made numerous experiments on this 
subject, and he finds that in general metallic threads offer 
more resistance at a low than at a high temperature to a 
force tending to elongate them, so that the proportional 
elongatibn produced by a given weight is smaller in the 
first case than in the second. 

To this law, however, iron and steel present an ex- 
ception, their resistance to elongation augmenting from 
— 15° to loo'^C, while at zoo" it is not only sipaller than 
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at loo'^C but sometimes even smaller than at ordinary 
temperatures. 

In like maimer the tenacity of a metallic wire, as esti- 
mated by its breaking charge, is altered by increase of 
temperature. This subject has been studied by Wertheim 
and also by Baudrimont, by whose researches it appears 
that the effect of heat is to some extent irregular, tending 
sometimes to diminish and sometimes to increase the 
tenacity if one does not go above aoo°C. At a red heat, 
however, the tenacity of iron is very much diminished. 

According to the experiments of M. Grassi the com- 
pressibility of water under pressure diminishes as the 
temperature increases, while heat, on the contrary, appears 
to auginent the compressibility of ether, alcohol, and 
chloroform. 

In like manner the cohesion and the hardness of bodies 
are diminished by heat, their crystalline form is altered, and 
indeed there is no property of matter that is not affected by 
this agent, although it is only in a few cases that its effects 
have been accurately examined. 
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BOOK II. 

ON THE LAWS WHICH REGULATE THE DISTRIBUTION 
OF HEAT THROUGH SPACE. 

CHAPTER I. 
Radiant Heat. (Preliminary) 

174. It has already been stated on a previous occasion 
(Art. 5) that a body parts -with its heat in two ways, 
namely, — 

r. By contact with a cold body, 
2. By radiation tlirough space; 
and in order to render this distinction very evident it 
is oniy necessary to mention a familiar instance of each 
method. 

When one end of a .poker is heated in the fire the heat 
is gradually conveyed lo the other end through the sub- 
stance of the poker. This is an instance of communication 
of heat by contact, the cold particles receiving heat from the 
warmer ones nejt them, and in their turn conveying it away 
to still colder particles, until after the lapse of a consider- 
able time it reaches the other extremity of the poker. 

Now in this case it is evident that the particles at the 
cold end are not immediately and directly heated by those at 
the hot end, but only through the agency of the intervening 
particles, and the great characteristic of this process is its 
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exceeding slowness. It is very clear that this cannot be the 
method by which we receive heat from the sun, and indeed 
we have no reason to think that there is matter capable of 
retaining heat between the earth and our luminary. The 
effect in this instance is certainly not due to the heating 
of the intervening regions, but, on the contrary, it is as 
powerful in a very cold atmosphere as in a wann one, and 
may even be felt behind a screen of ice. We know, too, 
that light, and probably also heat, reach us from the fixed 
stars, although these bodies are vastly more distant than 
the sun. 

It is this heating emanation which we term radiant heat, 
and in its character and distribution it is subject to certain 
laws, which we shall now proceed to describe. In the 
first place — 

176. Radiation of heat talces place in voono as 
well as in air. For it takes place between the sun and 
the earth and between the fixed stars and the earth, and we 
have no reason to think that all space is filled with some 
kind of air. 

176. Badiation takes place equally on all sides. 
If a sphere be heated and very delicate thermometers be 
placed on different sides of such a sphere at equal distances 
from the centre, they will always give the same indications. 
Such a sphere will also appear equally luminous from ail 
sides. 

177. Badiant heat traverses void space in straight 
lines and with the same velooitr as light, that is to 
say, at the rate of about 186,000 miles in a second. 
The best proof of this statement is derived from the great 
probability, if not certainty, that heat and light are varieties 
of the same physical agent. This subject will be considered 
at a subsequent part of this book. 

178. Badiant heat is capable of passing thrpngh 
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eertoiii sabstanoes withoat setuibly !**««:■" g them. 
If a plate of rock salt be placed between us and the sun, we 
shall yet feel to a very great extent the effect of his beams ; 
few of bis rays will be sUqiped, and the screen will not be 
bcated to a perceptible extent. 

We may tberefore infer that radiant heat passes through 
certain substances wiibpnt being perceptibly absorbed or 
heating ihem to a sensible extent. 

It is, however, probable that no substance is perfectly 
transparent with respect to beat (or diathcnnanous, as it is 
termed), and that all bodies are heated to a greater or less 
extent by the passage through tbem of calorific lays. 

178. Hadiant heat is probably not a sntwtance 
emitted by s hot body, but an imdnlatory motion 
conveyed ttirongh a medium which pervades all 
space. Apart from the difficulty of conceiving space to be 
traversed by excessively minute particles all moving with the 
uniform velocity of 186,000 miles per second, the undulatory 
theoiy has furnished abundant evidence that hght is due to a 
progressive wave-like motion in a medium pervading space, 
and much of this evidence applies likewise (o radiant heat 
This hypothesis is now very generally received. 

It will be convenient here to define the various terms con- 
nected with undulatory motion. If a stone be dropped into 
a pool of water, a series of waves consisting of crests and 
hollows succeeding one another will spread outwards from 
the centre of disturbance. Now the distance between two 
contiguous crests or between two contiguous hollows is 
termed the wave length, because in this distance is embraced 
the whole variety of motions which together constitute a 
wave. When the ocean is agitated by a storm we have also 
waves, but here the wave length is obviously much greater 
than in the case above mentioned. We thus see that the 
sane substance may be the medium of propagadng waves 
,.,.,, C.oogk- 
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of different lengths. In these instances the direction of 
disturbance is up and down, while the direction of propaga- 
tion is horizontal ; and thus the displacement of a particle 
is in a direction at right angles to that of transmission of 
the wave. 

In air we have another substance capable of conveying 
undulations of different wave lengths. These undulations 
constitute musical sounds, the ivave length defining the pilch 
of the note. Thus if one note be an octave lower than 
another, its wave length will be double that of the other. 
The waves of sound are, however, different from those of 
water, inasmuch as they are not waves made up of crests and 
hollows, but of condensations and rarefactions succeeding 
one another ; the direction of displacement of the air, instead 
of being at right angles to that of transmission of the wave, 
being in the same direction. We have thus two varieties of 
waves — 

1. Waves of crests and hollows, where the direction of 
displacement is perpendicular to that of transmission. - 

2. Waves of condensation and rarefaction, in which the 
direction of displacement coincides with that of transmission. 

Now whether light and heat rays consist of undulations 
of the first or of the second description, in either case we 
are entitled to expect that difference of wave length will 
denote some important difference in the quality of the ray. 
There are many considerations which induce us to imagine 
that difference of colour is denoted by difference of wave 
length, and that red, orange, yellow, green, blue, indigo, and 
violet have all their peculiar wave lengths. There are other 
considerations which induce us to imagine that these wave 
lengths are very small, being for violet rays no longer than 
,0000167, ^^^ ^^'^ '^^ ^y^ .0000266 of an inch, while for 
heat rays we shall afterwards see that the wave length ia 
S<»newhat longer than for red rays. 
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But again, there are strong reasons for believing that waves 
of light consist of crests and hollows, while sound waves 
consist of condensations and rarefactions. There is this 
important distinction between the two cases. If we hold a 
string somewhat tightly in a horizontal direction and strike it 
from above downwards, we perceive speeding along it a crest 
and hollow wave for which the direction of displacement is 
in a vertical plane. And if we strike it from the side we 
perceive a similar wave, for which the direction of displace- 
ment is in a horizontal plane. We can have thus two sets 
of crest and hollow waves proceeding in the same direction 
along the string, the plane of vibration of the first being 
at right angles to that of the second ; but it is evident that 
we can have no such distinction in waves of condensation 
and rarefaction. Now when the vibrations of a crest and 
hollow wave are always confined to the same plane, that wave 
is said to be polarized. Thus in such a wave proceeding in 
a horizontal direction if the vibrations of the particles be 
confined to a vertical plane, the wave is polarized; and if 
they be confined to a horizontal plane it is also polarized, 
but in a direction at right angles to the former : but if these 
vibrations have no reference to any particular plane then the 
vave is unpolarized. 

Now there are certain processes by which a ray of ordinary 
light may be broken up into two rays that appear to have 
reference to planes at right angles to one another. By such 
a process the ray is said to be polarized. And this fact 
entides us to assume that waves of light are crest and hollow 
waves and not waves of condensation and rarefaction, since 
fiiese last from thdr nature cannot have a reference to any 
particular plane. 

180. The amount of radiation fUlins on a given 
area varies inversely as the agtiare <d' the distance 
of the area firom the radiatins body. It would appear 
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that this law ought theoretically to hold good whether we con- 
sider radiant heat to be particles ejected by a heated body, or 
to be an ondulatoTy movement of an ethereal medium pro- 
ceeding outwards from the body. In either case the amount 
of vis viva which at one moment, and at the distance (say) of 
one mile from the centre, covers the surface of a sphere of 
which the radius is one mile, will at another moment and at 
the distance of two miles from the centre cover the surface of 
a sphere of which the radius is two miles ; that is to say, the 
same amount of vis viva or heal will have spread itself over a 
surface four times as large, and hence the amount of vis viva 
or heal which falls upon unit of area, or in other words the 
intensity, will be diminished four times, and will therefore 
vary inversely as the square of the distance. 

The following ingenious experimental verification of this 
law was first given by Melloni. Suppose that we have 
a large red-hot wall before us and that we view it through 
a small tube, blackened in the inside, held close to the 
eye. The opening of this tube larthest from the eye will 
aF5)ear to be red hot, and it will appear equally so whether 
we approach the eye and tube close to the wall or withdraw 
them to a distance, always provided that the wall he large 
enough to fill up the field of view from the eye. If the eye and 
tube be far from the wall, we embrace in the field of view 
a much larger extent of the wall, but we view it from a 
greater distance, and it thus appears that what is gained in 
extent is lost in distance, seeing that in this case the same 
amount of light reaches the eye at all distances. Now we 
know that the extent of heated surface viewed in this manner 
varies directly as the square of the distance, therefore we see 
fliat the heal which reaches the ^e from a given extent of 
surface must vary inversely as the square of the distarue. 

Melloni applied a tube of this kind not to the eye but to 
a tbermo-pile, (which is very sensitive to heat ra^ just as the 
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eye is to those of light,) and be found that the indication of 
the galvanometer, and hence the amount of heat acquired by 
the pile, was the same whether the pile was near the hot wall 
or far from it, provided always that the wall was sufficiently 
hx^ to fill up the field of view from the pile. 



CHAPTER II. 
Htflexim, Refraction, ^-c. of Radiant Heal. 

181. The laws of radiation which have been stated in the 
preceding chapter are sufficient to exhibit the great similarity 
between radiant Ught and heat, and even to render it prob- 
able that both these effects are due to the same physical 
agent. 

Our belief in this is greatly strengthened by observing 
that the various phEenomena of optics are reproduced in 
radiant heat, and it is to a consideration of these analogous 
properties that the present chapter will be devoted. We shall 
mainly direct attention to the following properties of radiant 
heat— 

1. Reflexion. 

2. Refraction. 

3. Absorption. 

4. Polarization and double refraction. 

But, in the first place, we shall make a few preliminary 
remarks on the spectra of heated bodies. 

162. Newton was the first to prove that a ray of sunlight 
really contains, blended together, a very great number of 
simple rays, each exhibiting a different colour ; and his funda- 
mental experiment may be shortly described as follows. 

Let us take a glass prism, and place it with its edge 
vertical, and let a horizontal ray of sunlight strike obliquely 
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ftgainst its side. As this ray passes through the prism it 
will be bent in such a manner that its line of exit will differ 
very much in direction from that of incidence. But, besides 
this, each simple coloured ray of which the compound ray 
is composed will be bent by the prism in a different manner, 
so that the rays which entered the prism in the same direction 
will leave it in different directions, and we sliall thus obtain 
in a separated condition all those variously coloured rays 
which together form a beam of white light. It is easy now 
to see what is meant by the term ' Spectrum.' Suppose, for 
instance, that by an arrangement similar to the ordinary 
photographic camera we were to throw upon a screen the 
image of a vertical line of light. Under ordinary circum- 
stances this image would be a vertical line, but if a prism 
were interposed in the path of the rays each constituent of 
the light from the slit would be bent by it in a different 
direction, and we should have the vertical image of the slit 
due to one of these constituent rays thrown upon one part 
of the screen, and that due to another constituent ray thrown 
upon another part, and so on. We should thus obtain not 
one image of the slit but a very great numier of images con- 
tiguous to one another, so as to form an oblong space 
illuminated by various colours. This space is called the 
spectrum of the line of light, and if the light be that of the 
sun, it is called the solar spectrum. 

183. This oblong space, as we have observed, is differently 
coloured throughout. The following diagram (Fig. 43), in 
which the left side represents the least and the right the most 
refrangible rays, will give an idea of the colour and com- 
parative luminosity of the different parts of the solar spec- 
trum. The ordinates of the curve denote the luminosity 
for each part, and it will be seen that the greatest intensity 
of light is in the yellow. 

if now we obtain the solar spectrum by means of a prism. 
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or set of prisms, which we are sure do not absorb vaj of the 
rays, or do bo only to a very small extent, (and for this pur- 
pose we must use rock salt,) suid if we estimate the beating 
effect of each portion of the spectrum by means of a thermo* 
pile or otherwise, we shall have an exceedingly curious result. 




Fig. 43. 



which is roughly sketched in the following diagram (Fig. 44), 
in which it will be seen that the masimuro heating effect is a 
good deal beyond the red, and that the rays which produce 
it are invi^ble to the eye. If our instrument for measuring 
heat be delicate enough, we shall also find that the heating 




Fig- 44- 
effect extends to the right as well as to the left of the visible 
spectrum, although in the former direction it is extremely 
feeble. 

Besides the illuminating and heating powers of rays they 
have a third property, namely that of producing chemical 
action. Chloride of silvw, it is well known, becomes bkck- 
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eiied under the influence of light, and it is by maiking use 
of this property that we arc enabled to obtain photographic 
pictures of bodies. 

But the action of certain rays upon chloride of silver is 
much more energetic than that of others ; this being most 
intense for the violet, or more relrangible rays, and even ex- 
tending much beyond the visible extremity of the spectrum 
towards the right. 

It has furthermore been recently shewn by Professor 
Tyudall that light decomposes certain vapours, such as 
nitrite of amyl, iodide of ailyl, and some others. 

Until very lately the tendency has been to believe that it 
is only the more refrangible rays that have the power of 
producing chemical effect Captain Abney has however 
recendy shewn that by employing a certain sensidve surface 
it ia possible to photograph any kind of ray, and he can 
obtain by such means a picture of the solar spectrum shew- 
ing all the absorptive lines that exist therein far beyond the 
visible spectrum on either side. 

Now if we leave out of account the chemical spectrum, 
the extent of which thus appears greatly to depend on the 
nature of the surface employed, we may be said to have two 
things — 

1. A luminous spectrum with a maximum of light in 
the yellow. 

2. A heat spectrum with a maximum to the left of the 
visible spectrum. 

184. If we next proceed to consider the spectra of other 
luminous solid bodies, we shall find that these are very 
analogous to that of the sim, except in respect of certain 
dark lines, which we may for the present dismiss from our 
consideration. 

If the temperature of the source be high, we have, besides 
a great deal of dark heat, a good amount of lumhtomty; but 
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&s the temperature decreases we perceive a very considerable 
diminution in the amount of light, until below a red heat the 
light has entirely disappeared and the whole of the radiation 
consists of dark heat. 

Thus if the temperature of the source be low, the whole 
radiation is of the nature of that portion of the solar spectrum 
which lies in the diagram to the left of red. We shall 
afterwards sec what ezperimental grounds we have for this 
assertion. 

185. Dismissing in the meantime the chemical effect of 
rays from our consideration we may separate radiant heat 
into two kinds, the first embracing those rays which by 
means of the prism can be separated from light and which 
lie to the left of the visible rays in the spectrum, while the 
second denotes that heating effect which accompanies light 
and which cannot be separated from it by prismatic analysis. 
With regard to these we must now answer the two follow- 
ing questions : — 

1. Is the dark heat beyond the red composed of rays 
similar in physical constitution to those of light ? 

2, In the portion of the spectrum which is visible is the 
heating effect produced by the very same rays which produce 
the luminous effect, or are there two sets, the one heating 
and the other luminous, mixed together? 

We shall best answer these questions by proceeding at 
once to state the various properties of radiant heat which 
have been experimentally proved, and then using these as 
a means of comparing together the two agents heat and 
light. 

Reflexion of Heat. 

ise. Dark heat is capable of reflexion. The follow- 
ing experiment will exhibit the refiexion of heat. 
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Suppose that we have two concave metallic reflectors 
facing one another (as in Fig. 45), and let A be the focua 
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of the one and D that of the other. Let an iron ball, heated 
to a temperature somewhat below redness, be placed at ^ ; 
if we place a piece of phosphorus at D it will probably 
take fire, or if we place a ihermometer there its temperature 
will rise much more than if we placed it in any oiher position 
in the neighbourhood. The reason is, that the rays which 
leave the ball A, such as AB, A C, are reflected at B and C 
from the polished metallic surface of the one mirror in 
parallel lines BE, CF, while at E and F these are again 
reflected by the other mirror in the directions £D, FD, 
and thus converge upon the point D, the focus of that 
mirror. 

In the heating of the thermometer placed at D we have 
thus a proof of the reflexion of dark heat from a metallic 
surface. 

Leslie has made numerous experiments with regard to 
the reflecting powers of bodies for dark heat. The follow- 
ing was the arrangement which he adopted at a time when 
the thermo-pile was yet unknown. In Fig, 46, m is a 
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concave metallic mirror, and the source of heat is a cube 
containing hot water, the rays of heat proceeding from 
which would, if left to themselves, converge to a focus 
at /' ; but in consequence of a reflecting plate ad being 




Fig. 46. 

placed in their path their focus is at / It is clear that if 
the plate ai be taken away and another plate substituted 
in its place which reflects only half as many of the rays 
which fall upon it, then the heating effect at y will be 
reduced to one-half of its previous amount ; in fact, this 
heating effect will be proportional to the reflecting power of 
the sur^e a6. Leslie measured this efiect by means of 
his differential thermometer, an instrument *hich we have 
already described (Art. ap). By this means he obtained not 
the absolute reflecting power of any body or the number of 
tays which it reflects out of every hundred which fall Upon 
it, but only the comparative reflecting power of different 
surfaces. Calling that of brass 100, be obtained by these 
means the following result — 

Brass 100 Lead 60 

Silver 90 Amalgamated tin 10 

Tin 80 Glass 10 

Steel 70 Lamp-black o 

"^ ..- Coogic 
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It will be seen from this list that metals which reflect 
light most copioQsly are also the best leflectors of obscure 
beat 

1B7. The heat which belongs to light is reflected .in 
the same manner as the light. M. Jamin has shewn that 
if we lake certain elementary rays, or, which is the same 
thing, a certain small portion of the spectrum, the reflecting 
power of any substance with respect to the light of this 
portion will be as nearly as possible the same as its 
reflecting power for the heat. We thus obtain the follow- 
ing table, in which any small difference between heat and 
light may be attributed to error of experiment. 
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188. Variation of the refleotiiig power with the 
angle of incidonoe. It has been proved by MM. de la 
Provostaye and Desains that the reflecting power of glass 
for heat increases very rapidly with the angle of incidence, 
and that the law which regulates this augmentation is, as 
nearly as we can perceive, the same as that which holds 
for light. 

These observers have also found that the reflecting power 
of metaUic surfaces for heat varies very slowly with the 
incident angle, a peculiarity which metals also possess with 
regard to Ught. 

189. Difftise reflexion of heat. MM. Provostaye and 
Desains, and also Knoblauch, have made experiments on 



this subject, and they find that as : 



the. case of light 



1 88 REFLEXION, ^C OF 

some of the rays are scattered about by the surface and 
reflected in an irregular manner, so also with regard to heat 
there is a diffuse reflexion or scattering about of the rays. 
The laws of this are not exactly known, but what is known 
tends to strengthen the argument in favour of the identity 
of light and heat, 

190, As the result of the experimental researches made 
with regard to the reflexion of heat, we find: — 

1. Dark heat in the same manner as light is reflected very 
copiously by metals. 

2, Heat, whether reflected from a surface of glass or from 
one of metal, is subject to laws precisely similar to those of 
light, whereby the intensity of the reflected beam is con- 
nected with the angle of incidence, 

3- Heat, in the same manner as light, suffers a scattering 
or diffuse reflexion from the surface of bodies. 

4- If we confine our experiments to a part only of 
the spectnim, we find that the light of this portion is 
reflected by a surface precisely in the same manner as 
the heat. 

We are therefore disposed to conclude that, as far as 
rtfltxion is concerned, dark heat is subject to the same laws 
as light, and also that, if we take any region of the visible 
spectrum, its illuminating and heating effects are caused by 
precisely the same rays, 

Refkaction of Heat, 
l&l. When Sir W. Herschel first noticed that there was 
a heating effect beyond the red of the visible solar spectrum, 
this observation implied the refraction of heat. But Melloni 
was the first to prove experimentally that the heat which 
emanates from a non-luminous source is capable of refrac- 
tion. His success in these experiments was due to two very 
important aida. 
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In the first place, he found that a plate of rock salt allows 
almost every sort of dark heat to pass through it readily, 
while every other substance powerfully absorbs this kind of 
heat. 

By using a rock-salt prism he was thus sure that the heat 
would not be stopped by the substance of his prism. 
Furthermore, Nobili and Melloni were the first to employ 
the thermo-pile for investigations of this nature, and by an 
improved arrangement of this instrument the latter was 
enabled to detect the presence of an exceedingly small 
amount of radiant beat. (This instrument has been already 
described. Art. 165.) By means of these two important 
experimental adjuncts Melloni was able to render manifest 
the concentration of dark heat upon the focus of a rock-salt 
lens, and also to shew that it is bent by a rock-salt prism ; 
thus proving conclusively the refrangibility of such heat. 




The method of experiment is illustrated in Figs, 47 and 48. 
The subject was afterwards taken up by Forbes, who shewed 
that the refrangibility of dark heat is inferior to that of the 

,.,.,, t.oogk- 
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luminous rays. By a method founded on the total reflexion 
of heat he obtained the following indices of refraction, the 
substance being rock salt 

Indices of refiactiim. 

Mean luminous rays i.6oa 

Heat from I^ocatelU himp .... 1.57 1 
Heat from incandescent platinum . . 1.57 a 
Heat from brass at 700° Fahr. . . . 1.568 
It is important to compare this result with that obtained 
by Sir W. Hcrschel, who found dark rays beyond the red of 
the visittle spectrum, and consequently Found that they were 
less refracted than light rays. We thus see that dark rays 
of a less refrangibility than light belong alike to sources of 
heat of low temperature, and to those of high temperature, 
such as the sun ; the difference being, as we have already 
remarked, that bodies of low temperature give out only dark 
rays, whereas those of high temperature give out also luminous 
rays. Pursuing his researches on this subject, Forbes found 
that the wave length of the heat rays was most probably con- 
siderably greater than that of the light rays, a result in accord- 
ance with the optical determinations of Fraunbofer and others, 
who have found the wave length of the red rays greater than 
that of the more refrangible rays of the spectrum. We 
tiius see that SoiA as regards refrangibility and warn length 
the dark spectrum appears to be the appropriate prolongation of 
the luminous one. 

Absorption of Heat. 
192. The discovery by Melloni, that rock salt is a body 
which transmits heat freely, sufficiently indicates that most 
substances which are transparent for light are not so with 
regard to heat In the language adopted by scientific 
men this is expressed by saying that most substances are 
athermanous, and that rock salt is almost the only ^aiher- 
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fflmtrnv' sobstance, easily procurable in a state convenient for 
experiment, the two words italicised corresponding to the 
terms t^aque and transparent in the science of optics. There 
are two facts regarding the absorption of heat that may with 
advantage be discussed here. In the first place, wktn the 
heal which radiates from a hot body has passed through one 
screen it is more easily able to penetrate another screen of the 
same material. This was originally observed by De la 
Roche, and his observations have since been abundantly 
confirmed by Melioni, Forbes, and others. They have 
expressed it as a sifting of the radiant heat by its passage 
through the first screen; certain rays being stopped and 
only those allowed to proceed which are of a nature 
easily able to penetrate the material of the screen. It will 
be observed that this is quite analogous to the action of a 
red screen upon light, which stops the blue rays but allows 
the red to pass, nor will these red rays be much diminished 
b; a second screen of the same material. 

A selective absorption both for heat and light is thus 
exercised by solid and liquid bodies, in virtue of which 
certain rays are set apart to be stopped while certain others 
are allowed to proceed. 

It may be remarked that besides selective absorpljon of rays 
by substances there is probably also a more general absorp- 
tion, *hich may conveniently be kept separate from the 
former. We have some grounds for believing that very thick 
strata of air, water, glass, or any substance seemingly trans- 
parent, will ultimately stop light, possibly at a rate not 
greatly differing for the different rays. 

But to return to selective absorption. We have reason to 

■ Dr. Schulti-Selladt (Phil. Mag., May 1870^ considers it probable 
from bis dpaimeats that the haloid compODnds of all elements ia a 
■olid or liquid state aie partially diathenoacons for lamp-black heat at 
ioo°C'. likewise many sulphides. 
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think that this property, as regards both light and heat, is 
strongly marked in gases : indeed the vapour of sodium 
is found to be quite transparent for every kind of light 
except for that from a salt flame, for which it is quite 
opaque, and Professor Tyndall has also observed a similar 
action of gases with respect to radiant heat 

We remark, in the second place, thai most substances, 
including those that are transparent for light, are generally 
opaque for dark heat of great wccve length and small refrangi- 
bility. Rock salt has been mentioned as an exception, but 
even this is not perfectly diathermanous. Provostaye and 
Forbes have both found that it passes a smaller proportion 
of heat rays than of light rays, and the author of this work 
has attempted to shew that the rays which it stops are those 
of very great wave length. Forbes has also shewn that trans- 
mission in general raises the index of refraction of the 
transmitted heat; in other words, a screen stops in prefer- 
ence those rays which have the lowest index of refraction or 
greatest wave length. But this rule, though very general, 
is not universal ; for it has been found by Melloni and 
Forbes that smoked rock salt, and mica split by heat into a 
bundle of thin pellicles, transmit in preference dark rays ; and 
. by Tyndall that a solution of iodine in bisulphide of carbon 
has the property of completely stopping the light rays, while 
it allows dark heat to pass in great quantity. Tyndall 
found .that a fluid lens formed of this solution and enclosed 
in rock salt will stop all the light from an electric lamp, but 
permit the dark rays to pass in sufficient abundance to pro- 
duce incandescence. We shall on a future occasion letum 
to the important subject of absorption of heat. 

FOLAKIZATION OF HeAT. 

193. We have seen that there are analogies between 
light and heat as regards reflexion, refraction, and absorp- 
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tion; and it might be expected that the same should hold 
aa regards polarization. Malus and Berard were the first 
to shew that the heat accompanTing solar light is capable 
of polarization. In 1834 Professor Forbes took up the 
inquiry; but before describing liis experiments it may be 
well to describe the action of tourmaline and glass with re- 
spect to light If a plate of tourmaline be cut with its 
plane surface parallel to the axis of the crystal, and If a ray 
of ordinary unpolarized light be allowed to fall upon it, it 
divides the ray into two parts, one polarized in the plane 
of the axis, and the other in a plane peq>endicular to the 
axis, and the former of these is absorbed while the latter 
19 allowed to pass. The light transmitted through such a 
pMe will therefore be polarized in a plane perpendicular 
to the axis of the crystal. If now a similar plate of tour- 
maline be placed behind the first, but with its axis at right 
angles to the axis to the first, then the light transmitted by 
the first will be absorbed by the second, so that the com- 
bination will be virtually opaque; if, however, we turn the 
second plate round until the axes of both plates coincide, then 
the combination will be transparent Again, if a bundle of 
plates of glass or any similar substance, such as mica, be 
held together, and if a ray of light be allowed to strike 
obliquely at a certain angle upon it, part of this will be 
reflected and part will be transmitted through the plates. 
Now it is found that the reflected light is very nearly 
polarized in one plane, and the transmitted light in a plane 
perpendicular to that of the reflected light; and further- 
more, if the reflected or the transmitted ray be again re- 
flected or transmitted by a similar bundle of plates, but 
with its plane of incidence perpendicular to that of the first 
bundle, then the rays that have been reflected by the first 
bundle will not be reflected by the second, nor will those 
that have been transmitted by the first bundle be transnutted 
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by the second. But if the plates are parallel, so that the 
planes of incidence comcide, then they will reflect or transmit 
the rays. 

Now if radiant heat be similar to light, we should 
expect phenomena similar to the above; and accordingly 
Forbes, by using two plates of tourmaline cut with their 
planes parallel to the axis, proved that there was a marked 
additional stoppage of heat (just a; there is of light) when 
the axes of the two plates were crossed, whether the source 
of heat were a lamp or brass heated below luminosity. He 
also proved that heat, like light, is polarized in the pro- 
cesses of reflexion and refraction. In his refraction ex- 
periments he employed mica split by heat, and therefore 
acting like a bundle of plates. In this state tbe substance 
ordinarily transparent, assumes a glossy silvery appearance, 
and, though nearly opaque to hght, allows nevertheless a 
large portion of heat to pass ; and if the rays of heat make 
a proper angle with the surface they are found to be polar- 
ized to a considerable extent, and hence two such screens 
placed in opposite directions are found to stop a large 
portion of the incident heat. This result was found to hold 
for all kinds of heat, including that lirom the blackened sur- 
face of a vessel containing boiling water. In addidon to 
these results Forbes was able to prove the circular polar- 
ization and depolarization of heat. Circular polarization 
was proved by using a rhomb of rock salt, while by inter- 
posing a film of mica between his polarizing and ana- 
lysing plates, which had their planes of incidence inclined 
at right angles to one another, and observing whether any 
difference of heating effect appeared when the principal 
section of the plate was parallel to the plane of primitive 
polarization or inclined 45° to it, be shewed the depolariza- 
tion of heat. 

Other observers have confirmed these results and have 
„,..,, Coogic 
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furthermore shewn that very many of the phenomena of optics 
can be reproduced hy dark heal. Indeed, the analogy between these 
two agents is as complete as our experiments are capable of 
shewing. Our instraments are doubtless very delicate, but it 
ought to be borne in mind that the most refined apparatus 
is far less sensitive for dark heat than the eye is for light 

CowcLUDiNG Remarks. 

IM. The facts detailed in this chapter all tend to shew 
that radiant light and heat are only varieties of the same 
physical agent, and also that when once the spectrum of 
a luminous object has been obtamed, the separation of the 
different rays from one another is physically complete; 
so that if we take any region of the visible spectrum, its 
illuminating and heating effect are caused by precisely the 
same rays. We may extend this observation to that region 
of the spectrum near the violet, or most refrangible extremity, 
which possesses not only a luminous but also a well known 
chemical effect, and assert that these two effects are caused 
by the same rays. The solar spectrum, it is well known, is 
intersected with dark lines, of which more hereafter ; in the 
meantime suffice it to say that these lines have done good 
service in shewing that there is only one agent at one part of 
the spectrum. Thus towards the left extremity, or the red, 
we have at the same time a heating and a luminous effect. 
Now whenever a dark line occurs this of course denotes 
that a certain ray of light is absent but by means of very 
delicate investigations with the thermo-pile it has been 
found that heat as well as light is absent from the spaces 
occupied by these lines. Finally Captain Abney by a 
peculiar photographic process has shewed that chemical 
effect as well as light and heat is absent from these spaces. 

So also towards the right extremity, or violet, we have 
at the same time a luminous and well known chemical effect, 
oa I ; . .Coogic 



igfi THEORY OF EXCHANGES. 

and we may therefore obtain a map of this region dther 
from eye observations or by means of photography. Now 
when two maps obtained by these two different methods axe 
compared together, it is found that the same dark hnes occur 
in both, or, in other words, an absence of luminosiQ' implies 
at the same time an absence of chemical effect. 

Furthermore, we have reason to suppose that the physical 
distinction between different parts of the spectrum is one 
of wave length, and that rays of great wave length are in 
general less refracted than those of small wave length. 

We would remark, in conclusion, that while the effects 
produced by different rays are generally divided into their 
beating, luminous, and chemical effects, yet there is a 
material distinction between the first of these and the 
other two. The luminous effect depends upon the constitu- 
tion of the eye, and may be possessed by certain rays and 
by these alone ; the chemical effect also, as it depends upon 
the nature of the substance and of the change which it 
undergoes, may be possessed by certain rays but not by 
others. But we are led to think that the heating effect of 
a ray is the true physical measure of its power, so that by 
making (as we can approximately make) any portion of the 
spectrum wholly available in healing a body and by estimat- 
ing exactly the heating effect which is produced, we shall at 
once know the amount of energy or vis viva of which this 
portion of the spectrum is possessed. 



CHAPTER in. 
Thtory of Exehimges. 



106. At an early stage in the history of radiant heat 
the following question arose. A hot body, we all know, 
radiates heat towards those bodies that are of a lower tem- 
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peratnre than itself, but does it ftlso radiate when surrounded 
by bodies of a temperature equal to its own or of a higher 
temperature? in other words, is the radiation of a given 
body at a given temperature dependent upon the bodies that 
surround it, or is it independent of these P 

Either hypothesis will serve to explain the fact that bodies 
of the same temperature neither gain nor lose heat by virtue 
of each Other's presence, for we may either suppose that such 
bodies do not radiate at all to one another, or else that each 
oue radiates and receives back as much heat as it gives out. 
About a century ago Professor Pierre Prevost, of Geneva, 
introduced this latter idea, and ever since that time it has 
been gaining ground, and is now very generally received. 

Prevost's theory was called by its author that of a moveable 
equilibrium of temperature, and according to it bodies at all 
temperatures are constandy radiating heat to one another, 
while those of a constant temperature get back as much 
heat as they give out. The equihbriura suggested by Pre- 
vost is not therefore a statical or tensional equilibrium or 
one of repose, but it is essentially an equilibrium of action ; 
and viewed in this light it would seem to flow naturally from 
the dynamical hypothesis which views all heat as a kind 
of motion. 

Let us take, for instance, a thermometer : this, according 
to the theory of exchanges, is constantly giving out heat 
at a rate depending on the temperature of the bulb and 
independent of that of the sturotmding enclosure. On 
the other band, it is receiving heat from this enclosure 
at a rate depending upon the temperature of the enclosure 
and independent of that of the bulb. Thus its heat- 
expenditure depends upon its own temperature, its heat- 
receipts npon that of the enclosure, and there is equilibrium 
of temperature when its expenditure is exactly balanced by 
its receipts. , , 

:...,,.e.OOglC 
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100. A curious experiment by Pictet was probably the 
means of leading Prevoat to this theory. Pictet, reversing 
the experiment of Art. 186 (Fig. 43), put ice, or a freezing 
mixture, in the focus of one of the reflectors, and a thermo- 
meter in that of the other. And in consequence of this the 
temperature of the thermometer was found to fall. This 
fall would be at once explained if we could suppose cold 
to be a principle susceptible of radiation. It was probably 
his conviction of the inadmissibility of this explanation that 
led Prevost to frame the theory of exchanges, and a very 
little consideration will shew that Pictef s phenomenon can 
be easily explained by this theory. Referring to Fig. 45, 
let us first take the case in which the bulb of the thermometer 
at D is of the same temperature as the substance at A. 
According to the theory of exchanges, lays DE, DF, &c. 
will proceed from the bulb D, and ultimately, by virtue of 
the laws of reflexion, will be concentrated upon the sub- 
stance at A. In order therefore that the bulb D may not 
lose heat, it is necessary that the place of these rays be 
supplied by other rays of equal intensity, that is, by AB, 
AC, &c. which proceed from A and ultimately fall upon D. 

It thus appears that when D and A are of the same 
temperature both sets of rays are of equal intensity, and 
hence the thermometer will remain stationary. 

Again, when A is warmer than D the rays which reach 
D from A are more intense than those which reach A from 
D, and hence D will gain heat, or the thermometer will rise ; 
this is the ordinary experiment. 

But, on the other hand, when A is colder than D the 
rays which leave D for A will be more intense than those 
which reach D from A, and hence will be deprived 
of beat, or the thermometer will fall; this is Pictet's 
experiment. 

We see therefore that the theory of a moveable equilt- 
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brium explains verj well the apparent reflexion of cold, 
and that, according to this theory, the same cause which 
in the one case makes the thermometer peculiarly sensitive 
to an increase in the temperature of the opposite body (that 
is to say, the reflexion from the concave mirrors), will in 
the other make it equally sensitive to a diminution of the 
same temperature. 

1B7, Besides this happy explanation the hypothesis of 
Prevost has consistently vindicated its claims to represent 
the truth, not only by explaining v^-vy many experiments, 
but also by suggesting new truths which have afterwards 
received an experimental verification. 

This theory, since its proposal by Prevost, has been de- 
veloped by Provostayc and Desains, and more recently by 
the author of this work and by Kirchhoff. It will, perhaps, 
best conduce to clear conception if at first we assume the 
truth of this hypothesis, and then deduce its legitimate con- 
clusions, shewing at the same time that these are all sup- 
ported by experiment. Deferring until next chapter a proof 
in favour of the theory derived from the laws of cooling 
as ascert^ed by Dulong and Petit, let us for our present 
purpose imagine to ourselves a chamber of the following kind. 

198. Let the walls which surround this chamber be kept 
at a constant temperature, say ioo''C, and let them be 
covered with lamp-black — a substance which reflects no 
heat, or at least very little; — also let there be a thermometer 
in the enclosure. It is well known that this thermometer 
will ultimately indicate the temperature of the surrounding 
walls, and that it will be a matter of indifTerence whether it 
be hung in the middle of the enclosure or at one of the sides ; 
in whatever part of the enclosure this instrument is placed 
its indication will be precisely the same, namely ioo°C. (In 
what follows it ought to be clearly borne in mind that we are 
now supposing the theory of exchanges to be true, according 
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to which bodies even of the same temperature are always 
giving and receiving radiant heat.) 

EQun-iBRiux OF Heat Rays. 

199. Heat egnilibrinin of snrtiaoes. Suppose that the 
outside of the bulb of the thermometer of last article is covered 
with tinfoil, so that its reflecting power is considerable. Now 
according to the tiieory of exchanges this thermometer is 
constantly radiating heat towards the lamp-black, but it is 
receiving back just as much as it radiates. Let us call the 
radiation of lamp-black loo, and suppose that 80 of these 100 
rays which strike the thermometer are reflected back from its 
tinfoil surface, while the remaining 20 are absorbed. Since 
therefore the thermometer is absorbing 20 rays, and since 
nevertheless its temperature is not rising, it is clear tliat it 
must also be radiating ao rays, that is to say, undtr suck 
circumslances its a&iorpUon and radiation must be equal to one 
another. 

If we now suppose the outside of the bulb to be blackened 
instead of being covered with tinfoil, the thermometer will 
absorb nearly all the 100 rays that fall upon it, and just as 
in the previous case, since its temperature is not rising, it 
must be radiating roo rays. 

Thus we see that when covered with tinfoil it only 
radiated ao rays, but when blackened it radiates 100. The 
radiation from a reHecdng metallic surface ought therefore, 
if our theory be true, to be much less than from a blackened 
one. This has been proved experimentally by Leslie, who 
shewed that good reflectors of heat are bad radiators. 

300. Again, we have seen that in the case of the bulb 
covered with tinfoil 80 of the ibo rays which fell upon it 
were reflected back, and we have also seen that 20 rays were 
radiated by the bulb. Hence the heat reflected plus the heat 
radiated by this thermometer in the imaginary enclosure will 
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be equal to loo, that is to say, it will be equal to the lamp- 
black radiation from the waits of the enclosure. We may 
generalize this statement by saying that yi an enclosure of 
constant temperature the htai reflected plus the heat radiated 
by any substance will be equal to the total lamp-black radi- 
ation of that temperature, and this will be the case whether 
the reflecting substance be placed inside the enclosure or 
whether it form a part of the walls of the enclosure. In fact, 
we may conceive the walls of such an enclosure to be formed 
of every variety of substances from polished metal to lamp- 
black, and yet the total flow of radiant heat coming from 
one portion will be the same as that coming from another 
portion, the only difference being that in the case of a re- 
flector, such a3 the thermometer with tmfoil, this heat is 
partly radiated and partly reflected, while in the case of 
lamp-black it is altc^ether radiated, the reflected heat being 
insensible. 

The statement that the heat reflected plus the heat radiated 
by any substance in an enclosure of constant temperature 
will be equal to the total lamp-black radiation of that tem- 
perature has been experimentally verified by MM. Frovostaye 
and Dcsaina, who found — 

Radiation from polished silver at a given temp. ^ 2.2 

Reflexion by silver of rays (represented by 100) 
irom lamp-black at this temperature •' 97.0 

Sum '^ 99.3 
Now 99.2 comes very near the lamp-black radiation, or 100. 

They also found that the sum of the reflected and radiated 
beat from glass at different angles was equal to 93.9 (lamp- 
black radiation being equal to too); and the difference 
between 93.9 and 100 they supposed to be due to diffuse 
reflexion. 

20L Let us now once more return to our chamber of 
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constant temperature, and imagine the ihennometer carried 
from one part of the chamber to another where the surface 
is of a different shape. 

We may, for instance, pass from Fig. 49, where the ther- 
mometer 7 is at the 
centre of a sphere, to 
Fig. 50, where it is 
within an acute angle. 
In the first case, the 
rays which reach the 
instrument will be those 
which have been emit- 
Fig. 49. Fig. 50. ted by the surrounding 

spherical envelope in 
a direction perpendicular to the surface ; but in the latter 
case, most of the rays reaching the thennometer will have 
been emitted in an oblique direction. Yet the thermometer 
receives precisely the same amount of heat in both cases, 
and will always do so, whatever be the shape of the sur- 
rounding enclosure. 

In fine, in such an enclosure streams of heat may be 
supposed to be passing and repassing in every possible 
direction, and to be eqaally intense in all directions, without 
the least regard to the shape or substance of that part of the 
enclosure from which they come. 

Thus the stream of radiant heat 
impinging upon the surface AB (Fig. 
Si)in the<lirection CA perpendicular 
to AB will be the same whether it be 
supi>osed to proceed from a surface 
CD parallel to ^ 5 or from a surface 
CE inclined to AB. It thus appears 
Fig. s'- that in our hypothetical enclosure of 

constant temperature the heating effect of a stream of heat 
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is solely dependent upon its cross section, that is to say, 
upon the extent of surface AB perpendicular to its direc- 
tion which it will exactly cover. This result has been verified 
experimentally by Provostaye and Desains ; these observers 
having found, as we have already said, that the sum of the 
reflected and radiated heat from glass at different angles 
is a constant quantity. 

When the source of the rays is a non-reflecting substance 
such as lamp-black, the statement of this law is very simple. 
We see from Fig. 51 that the beat which leaves the surface 
CD in the direction CA is precisely equal to that which 
leaves the surface CE in the same direction. 

Hence the heat which radiates from a surface of lamp-black 
in any direction is proportional to and may be represented 
by the projection of this surface upon a plane perpendicular 
to the direction of the rays. 

This result has been experimentally proved by Lambert 
of Berlin and also by Leslie, who made observations upon 
the heat from blackened surfaces at different angles. 

The method of observation is very simple. Fig. 52 



rig. s»- 

represents the arrangement, where A is an aperture behind 
which the heated body is placed. Now if this body be a 
blackened surface, it is quite immaterial whether it be placed 
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in the position B or B", provided it be large enough to fill 
up, in the latter position, the field of view from the cone ; 
in both cases the galvanometer attached to the pile will give 
the same indication. Undoubtedly, when the surface is in 
the position ff , a greater extent of this will be viewed by 
the cone; but as far as radiant heat is concerned, we may 
imagine the surface to be projected upon the aperture A, 
so that if the field behind this aperture be filled up by the 
blackened surface its inclination or curvature is of no con- 
sequence. 

The same result would take place if for the sensitive pile 
we substitute the human eye, and for B a red-hot plate. 
For if such a plate always fills up the field of view behind 
this aperture A the result to the eye will be independent 
of its curvature and inclination, and in all cases the aperture 
will appear as a red-hot field, of the same intensity. 

303. We have seen that the stream of radiant heat 
which strikes upon the thermometer in our enclosure of 
constant temperature is independent both of the materials 
and of the shape of the walls of the enclosure, so that if the 
instrument be carried from one part to another, there will be 
no change in the amount of radiant heat falling upon it. 
Something more however is necessary, for we must not only 
have the quantity of heat which falls upon the thermometer 
the same throughout, but the quality of this heat must also 
remain the same. It will be necessary to give a short ex- 
planation of the word ' quali^.' It is well known that diiFerent 
kinds or quaUties of light affect the same substance in 
different ways, thus red glass will absorb green light while 
it will allow red light to pass. In like manner there are 
a great many different kinds of dark heat, and the same 
substance will absorb some of these much more rapidly than 
others. So also heat as well as light may be polarized, 
and we have already seen (Art 193) that a substance such 
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as tourmaline absorbs heat polarized in one plane with 
greater inlensitj' than heat polarized in a plane perpendicular 
to the former. 

Now the word ' quality ' is here taken to denote any specific 
piculiarily, whether of wave length or polarization, which causes 
rays of heat to be differently absorbed by any substance. 

When we say therefore that two pencils of heat are of the 
same quality, we mean that the mixture of wave lengths in 
the one is precisely the same as in the other, and also tha 
the polarization of both is the same. 

Suppose now that our thermometer is covered with some 
substance which displays this selective absorption for certain 
kinds of heat, and that we carry it about from one part of 
the enclosure to another. It will not only be necessary that 
the quantity of radiant heat which beats upon our thermometer 
shall be the same throughout the enclosure, in order that the 
instrument may preserve its constancy of temperature, but 
the quality of this heat must also be the same; for if not, we 
might suppose that in one place the heat is of a kind that is 
greedily absorbed by the coatmg of the bulb, and that in 
another place it is of a kind that is reflected back from this 
coating ; thus although the quantity of heat falling on the 
bulb might be the same in both places, yet the thermometer 
would absorb more in the first case than in the second, and 
its constancy of temperature would be destroyed. It is 
therefore clearly necessary that the stream of radiant heat 
which beats against the thermometer as it is carried about 
in the enclosure should be the same at all places, both as 
to quantity and quality. 

Various experiments go to prove this uniformi^ both in 
die quantity and quality of the heat from different parts of 
an enclosure of constant temperature. Perhaps the most 
Striking of these is that when an enclosure is heated to 
a red or white heat the luminous rays from the different 
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parts of this enclosure will be the same both in quantity 
or luminosity, and in quality, or colour, and will depend only 
on the temperature, and not on the nature of the materials 
composing the walls of the enclosure. 

Again, as regards polariza^on, certain experiments by 
Provosta}^ and Desains appear to shew that the stream of 
heat in an enclosure of constant temperature is unpolarized, 
and that if there be a reflecting substance in the enclosure, 
SO that the reflected portion of the heat from it is polarized, 
then the radiated heat from this substance will be polarized 
in the opposite way, so that the whole heat reflected and 
radiated together is unpolarized 

208. We are now in a position to extend the remark 
already made (Art 199) with regard to the equality of the 
absorption and radiation of a surface in our hypothetical 
enclosure. Such a surface must not only give back by 
radiation to the general stream of heat as much as it with- 
draws by absorption, but what it gives back must be of the 
same quality as that which it withdraws. The absorption 
of such a surface will therefore be equal to its radiation, 
and this equaUty will hold for every individual kind of heat 
of which the whole heterogeneous radiation is compiosed. 

304. We deduce therefore, as the result of our inquiries, 
both theoretical and experimental, in this branch of our sub- 
ject, that in an enclosure of constant temperature — 

I. The stream of radiant heai is the same thrmghout, 
both in quantity and quality; and while it depends on the 
temperature it is entirely independent of the materials or shape 
of the enclosure. 

a. This stream is unpolarized, 

3. TTie absorption of a surface in suck an enclosure is 
equal to its radialim and this holds for every kind of 
heal. 

205. He&t equilibritim at plates. Returning onc^ 
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more to our chamber of constant temperature, let us sus- 
pend in it a thin plate of rock salt. Now since the tem- 
perature of this plate remains constant, the plate must radiate 
just as much heat as it absorbs. But rock salt (Art. 191) 
absorbs very little heat, hence also it will radiate very little. 
Moreover, a thick plate will absorb more than a thin one, 
and hence also it will radiate more. Both of these con- 
clusions have been verified by the author of this work. 
By making use of the thenno-pile he has found that the 
radiation from a thin plate of rock salt ts only ig per cent 
of the total lamp-black radiation for the same temperature, 
and that the radiation from a thick plate of rock salt is 
greater than from a thin one. 

aoe. Suppose, however, that instead of rock salt we had 
suspended two plates of glass of unequal thickness. Since 
this substance is extremely athermanous, that is to say 
opaque for heat, either of these plates would probably 
absorb nearly all the heat which fell upon it, and hence 
the radiation of both plates (radiation being equal to ab- 
sorption) would be sensibly the same, and would be very 
great — in fact it would be much the same as if they stopped 
the whole heat, or were covered with lamp-black. 

307. From this we see what it was that misled the early 
experimentalists on this subject, and induced them to think 
that radiation was confined, if not to the surface of a body, 
at least to a very small depth beneath it. They found that 
when a metallic surface was coated with varnish its radiative 
power was very much increased, but that very soon this 
increase attained its maximum, af^er which an additional 
coating produced no further effect. But the reason of this 
was, not that radiation is in all cases confined to a very 
small distance beneath the surface, but that these coatings 
were of a ve^ athermanous substance, so that a very small 
thickness was practically equivalent to a surface of lamp- 
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black. Could it have been possible to have applied a coating 
of transparent rock Bait, the result would have been veiy 
different. 

SOS. Let OS nov take onr thermometer and cover its 
bulb once more with a substance having a selective absorp- 
tion for heat, and, further, let us hang up before it in the 
enclosure a plate of rock salt. No change in the indication 
of the tbennometcr will take place ; but in order that the 
temperature of this thermometer may remun without change 
it is obviously necessary that this plate of rock salt should 
change neither in quantity nor in quality the stream of heat 
which impinges against the bulb; that is to say, this stream 
after it has passed through the plate must be precisely the 
same both in quantity and in quality as before it entered it. 
For if the stream of heat ailer having passed the rock salt 
were to be changed in quality though not in quantity, it 
would nevertheless affect differently the bulb of the ther- 
mometer which we have imagined to be coated with a sub- 
stance having a selective absorption for heat. But in order 
that the rock salt may not change the quality of the stream of 
beat which passes through it, its absorption must be equal to 
its radiation for every kind of heat. 

This result has likewise been verified experimentally by the 
author of this work. If the kind of heat which rock salt 
absorbs be the same as that which it radiates, it would 
follow that a cold plate of rock salt ought to be exceedingly 
opaque to the radiation from heated rock salt. That is to 
say, if in heated rock salt there be a plentiful radiation of 
a peculiar kind of heat, in cold rock salt there ot^ht to be 
a plentiful absorption of this very heat. Now this was found 
to be the case. A moderately thick plate of this substance 
was found to stop at least three-fourths of the heat from 
a thin plate of heated rock salt, whereas it Aill only stop 
a small proportion of ordinary heat 
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309. This afTorda an explanation of the fact that two 
plates of rock salt placed the one behind the other (equi- 
valent to a single plate of double thickness), do not radiate 
twice as much as a single plate. For 
let EF be the front surface of such 
a double plate, of which CD repre- 
eents a line midway between the two 
surfaces. Now, while as much heat 
■will cross the litie CD from the hinder 
half of the plate as would be radiated 
from the single plate ABCD, a great '^' ^'* 

proportion of this heat (probably three-fourths) will be ab- 
sorbed by the front half in its passage through it, since we 
have seen that rock salt absorbs intensely the heat which it 
radiates. Hence, if the radiation of the single plate be i, 
that of the double plate, instead of 2, will probably not be 
more than i\, 

210. Our readers will thus be prepared to see that radia- 
tion is a thing which goes on in the interior of a plate 
just as much as near the siuface ; and they will also see 
that it does not necessarily follow from this that the radia- 
tion of a plate should be proportional to its thickness, but 
very much the reverse ; — indeed, had the substance of the 
plate in Fig. 53 been glass instead of rock salt, the single 
plate would have given out sensibly the same amount of 
heat as the double plate, since in the latter the heat from 
ABCD would all have been stopped by CDEF, We 
are thus prepared to see that in the interior 0/ substances, 
as well as in air or in vacuo, a stream of radiant heat is 
cons/anily passing and repassing in all directions, and in 
the case of constant temperature, as this stream of heat passes 
any layer of particles it is jus I as much diminished by the 
absorbing action of these particles as il is recruited by their 
radiation, so that the stream fiowi on virtually unchanged 
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both in quantify and quality until at last it rtachet the 
tur/ace. 

211. Amoant of internal radtatioii. We have now 
to consider a more difficult question, which may be thus 
stated. Supposing we have several different substances 
all remaining at the eame constant temperature, will th« 
streams of radiant heat continually passing and repassing 
in the interior of these substances be equal to each other ? 
In the first place, and before attempting to answer this 
question, we must shew how the intensity of a stream of 
radiant heat may best be measured. For this purpose 
let us suppose a small square surface representing unity 
of area to be placed in the inlerior of an enclosure, or of 
a substance surrounded by an enclosure kept at an unifonn 
temperature. In accordance with the theory of exchanges, 
streams of radiant heat will becontinually passing through 
this surface in all directions; let us confine our attention to 
those rays, which are as nearly as possible perpendicular to 
■the plane of oi^ square unit. But it may be said, why not 
confine our attention to rays strictly perpendicular to this 
plane? In answer to this, we remark that in our present 
investigation (the reason will afterwards appear) we must 
regard a ray in the sense in which a straight line is regarded. 
And just as a line is in reality always part of the boundary 
of a solid, so a ray is always in reality part of the boundary 
of a beam or pencil of light. We may satisfy ourselves that 
. this is the case in nature by considering the light which 
reaches the eye from a star or other object apparently very 
small ; this would seem to be the nearest approach to a 
geometrical line of light; nevertheless, since a star has a 
certEun real though very minute angular diameter, the light 
from it to a point of the eye is in reality a converging pencil, 
although no doubt the angle of convergence is very small. 
We will confine our attention therefore to rays as nearly 
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ks possible perpendknlar to onr unit area. Let B (Fig. 54) 
represent this area, and let CBD be a very small pencil 
or cone of rays nearly perpendicular to the plane of ^, 
the central line AS being strictly perpen- 
dicular to this plane. Now if we suppose the c (^^ D 
angle CBD as Trell as oar unit area to remain 
constant while we pass from one substance to \\ \ 
another, then the qnantily of heat radiated in 1 i ; 
an unit of time upon this unit area B through 
directions comprised within the small cone CBD 
may be taken to denote the intensity of internal ;■; 

radiation of the substance in question. 

312. The circle CAD may in feet be com- 
pared to the disk of a small star whose diameter p. S ■ 
CD subtends with the eye the angle CBD LfiJ 
(greatly exaggerated in the diagram for the pur- p; j^ 
pose of demonstration), and from which a beam 
or pendl of light represented hy the cone CBD reaches ibe 
eye of the terrestrial observer at B. Now imagine, for the 
sake of demonstration, that it is possible to place .the eye in 
the interior of a substance of constant temperature, and also 
that the eye is sensble to all the raya which compose, 
according to oar hypoiheas, the entire radiation of the 
substance, then it is evident that if the eye look in the 
direction of CAD, the hrightniss of the field of view in front 
of the eye or of any given detached portion of this field, 
such as the area CAD, will indicate the intern^ radiation ; 
so that, if the eye be now removed to the interior of another 
substance of greater internal radiation, more rays will strike 
it in front from CAD in one second of time, and the field of 
view will therefore appear brighter in the very same proportion 
in which the internal radiation is increased, 

318. Let us now direct our attention to an enclosure, 
such as a sphere (Fig. 55), kept at a uniform temperature. 
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and suppose the lower half of this enclosure to be filled 
with an uncrystallized solid, 
or liquid (index of refiac- 
tion-;() while the upper 
half is a vacuum. l>t us 
also suppose that the ex- 
ternal boundary of this 
upper half of the sphere 
is covered with lamp-black, 
and let the area B be now 
placed on the suriace of 
the solid or liquid, while 
the area CAD is a very 
PiR' 55- small circle approximately 

coinciding with the lamp-black boundary of the sphere. 
Let us denote by R the radiation of lamp-black, that is to 
say, let R represent the number of beat rays which reach 
the unit area B through the directions of the cone CBD in 
one second of time. 

214. Part of these rays reaching B will be reflected back ; 
let us call this reflected portion OiR; then R—aR,oz{i—i^R, 
will denote the amount of these rays which really penetrate 
the medium in one second of time. But these rays will be 
bent by refraction towards the perpendicular, after entering 
the medium, and will therefore be comprised in a cone 
CBDf with a smaller angle than CBD. 

The angle CBU may very easily be found ; — for 
sin CBA 
Bin CBA"'"' 
or, since these angles are very small. 



We thus see that of the rays under consideration a portion 
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fqual to (i— <■) It enitrs the substance, and is after its 
entrance embraced in a cone of which the angle 

215. But since the substance we are considering, being 
of constant temperature, gains as much heat as it loses in 
all of its parts, it follows that as much heat must pass out 
by B along Hnes, embraced within the cone CS2/ as passes 
into the substance through these same directions. Hence 
the quantity of heat which will pass out of the substance 
by B along Imes embraced within a cone havmg the angle 
CBiy will (for one second of time) be (i -a) R. 

216. Now let Bf be the unknown internal radiation for 
the medium ; that is to say, let R' denote the quantity of 
heat rays which will in one second reach B from the interior 
in directions comprised within a cone which has a constant 
standard angle equal to CBD (Art. an). We must find 
what fraction of this radiation will reach J9 if the angle be 
CBiy instead of CBD. It is evident that the amount of 
heat reaching B through the directions of the cone CBD 
will be proportional to the area CAD, and this area will be 
proportional to the square of CD, and very nearly lo the 
square of the angle CBD. Henc& — 

Heat throngh CBD : heal thiongh CBD ( = ^ : : iCBIff : {CBDf. 
Therefore 

Heat from interior throng CBiy=KK{^^^=^ by Art. 314. 
We thus see that a quantity of heat-—: will in one 

¥■ 

second of time reach B from the interior through the cone 
CBD^. But of this heat we know from the laws of optics 

(hat the amount of— j) will be reflected back into the 
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out through B through the cone CBIf. 

217- We have thus obtained two expressions, one for the 
heat which enters the substance through B and diverges 
through the directions of the cone CBi/, namely (i— o) ^ 
(Art. 214), and the other for the beat which passes out 

through B throngh the same cooe, najnely (i — a) — j ; and 

we have seen (Art. 215) that these two expressions must be 
equal to one another. 

Hence (i-<.)Je-(i-a)^; 

That is to say, the internal radiation in a substance of which 
the index of refraction is /i will be i^^R, R denoting the 
radiation of lamp-black corresponding to the temperature 
of the experiment 

It is also clear from what we have said that this relation 
will hold for every individual description of heat of wluch 
the whole radiation is composed. 

Equiubriuh of Light Rats. 

218. It is of importance to extend these observations to 
radiant light, or, in other words, to those rays which affect 
the eye, and this extension has been made both by Pro- 
fessor KirchhoEf of Heidelberg and by the author of this 
work. 

We have already endeavoured to accumulate evidence in 
favour of the opinion that radiant light and beat are only 
varieties of the same physical agent, differing from one 
another simply in wave length ; but during the progress of 
this branch of science many inquirers have been inclined 
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to think that light and heat are physically distinct, although 
possessing many properties in common, and it has even 
been imagined that some kinds of light are entirely destitute 
of any healing effect. - 

But if it can be shewn that the consequences of Frevost s 
theory extend to radiant light, we are furnished with very 
strong evidence in favour of that hypothesis which regards 
heat and light as varieties of the same agent. 

219. Prevost's theory consists of the three following 
Statements. 

1. If an enclosure be kept at a uniforpi temperature, uiy 
substance surrounded by it on alt sides w'Hl ultimately attain 
that temperature. 

2. All bodies are constantly giving out radiant heat, at a 
rate depending upon their substance and temperature, but 
independent of the substance or temperature of the bodies 
that surround them. 

3. Consequently when a body is kept at uniform tempe- 
rature it receives back just as much heat as ^ gives out. 

From these statements follow all the laws that have been 
deduced for radiant heat. But in the process of argument 
it is essential to regard the rays tmder consideration as being 
capable of heating the bodies on which they fall and by 
which they are absorbed. 

Hence, if this theory extend to light, it is highly probable 
that luminiferous rays are capable also of heating more or 
less the bodies by which they are absorbed. 

The following experiments exhibit the extension of the 
theory of exchanges to rays of light. 

220. Light equilibrium of surfiicea. It has been 
shewn with respect to Heat (Art. 199) that good reflectors 
are bad radiators, and a similar experiment may be made 
for light. Thus if a pot of red-hot lead or tin be carried 
into a dark place and the dross skimmed aside by a red-hot 
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iron ladle, the liquid metal will appear less luminous than 
the surrounding dross. Also if a piece of platinum partly 
polished and partly tarnished be held above the flame of 
a Bunsen's burner in a dark room, the tarnished portion will 
shine much more brilliantly than the polished. A very good 
arrangement, sug^^ested by Professor Tait, is to heat thus a 
piece of platinum foil with an ink-mark on it. 

Another variety of the same experiment is to mark a black 
poker with chalk, and, if the poker at a good red heat be 
then viewed in a dark room, the marked parts will appear 
comparatively non-luminous. 

Finally, if we take a piece of stoneware of a black and 

' white pattern, heat it to redness and then view it in the dark, 

the black will shine much more brightly than the white, 

presenting a very curious reversal of the pattern, which we 

have endeavoured to delineate in Kgures 56 and 57. 



Fig. j6. f"e- 67- 

221. Light oquilibrium of thin platea. Experimtnt I. 
—If a piece of colourless transparent glass be heated to 
redness in the fire, removed to the dark, and then viewed, 
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it will be found to give out very little light ; but if the glass 
be coloured, its light radiation will be more copious, the 
amount of light given out depending upon the depth of 
colour. This ia an experiment analogous to that with rock 
salt, and it is evident that the colourless glass gives out but 
litde light because it absorbs but little. A stratum of heated 
air may likewise be instanced as a substance which neither 
absorbs nor emits light or heat to a sensible degree. 

223. Exptrimmt /I.— It has been shewn that the heat 
radiated by a thin plate of any substance at a given tem- 
perature is precisely that kind of heat which the plate 
absorbs when heat of that temperature is allowed to fall 
upon it. Now the same thing holds with regard to light. 
With respect to the rays proceeding from an ordinary fire, 
all coloured glasses may be divided into two groups, those 
which redden and those which whiten the fire as we look 
through them. The first group comprises red and orange 
glasses, and these absorb the whiter descriptions of light ; 
the second group comprises green and blue glasses, and 
these absorb the redder kinds of light. We should therefore 
expect red and orange glasses to give out, when heated, 
a peculiarly white light, and green and blue glasses a pe- 
culiarly red light. Now this is found to be the case. A 
red ^ass coloured by gold, when heated lo redness, re- 
moved, and viewed in the dark, gives out a milky-white 
or even greenish light, and the orange glasses used by 
photographers do the same. On the other hand, green 
and blue glasses give out, when thus heated, a reddish 
kind of light. This experiment is analogous to that wherein 
- it is shewn that a cold plate of rock salt stops a large 
proportion of the heat from a hot plate of the same sub- 
stance. 

228. Exptn'mmf III. — Again, we know (Art. 193) that 
when a ray of ordinary light falls upon a plate of tour- 
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maline cut parallel to the axis, it absorbs nearly all that 
resolved portion of the rays which is polarized in a plane 
parallel to the axis of the crystal, while it allows to pass 
a considerable portion of those rays which are polarized in 
a plane perpendicular to the axis. Now it can be shewn 
that if such a plate be heated red hot, the rays of hght 
which it gives out are partially polarized in the same di- 
rection as those which it absorbs, viz. in a plane parallel 
to (he axis. This experiment may best be tried by a 
method devised by Professor Stokes, in which a hollow 
cast-iron bomb is heated to redness. This bomb is re- 
presented in Figures 58 and 59. In Figure 58 we see it 



Fig. 5S. Fig. 59. 

as it appears from the outside, with small holes by which 
. we can see into it. Fig. 59 represents a section through 
the centre of the bomb, shewing the tourmaline 7" attached 
to a stand, C denoting the moveable lid. This tourmahne 
passes through the very centre of the bomb, and hence 
in looking through the bomb, by means of the small boles, 
the eye encounters the plate of tourmaline. Now let this 
bomb be heated to redness, having the tourmaline inside 
of it, and be then taken out of the Gre and placed in the 
dark. The tourmaline will cool very slowly in this position. 



THEORY OF EXCHANGES. %\^ 

Bince it is (with the exception of the small hole) entirely 
BuiTOunded by a. red-hot enclosure, viz. the interior of the 
bomb, which, if the iron be sufficiently thick, will remain 
hot for some time. Now the eye in looking through the 
bomb by means of the small hole will encounter the radiated 
light from the heated tounnaline, and by means of a polari- 
scope it is easy to ascertain in what plane this light ia 
polarized. It will be found to be polarized in a plane at 
right angles to that in which light is polarized aa it passes 
through the same tourmaUne when cold and similarly placed. 

224. Experiment IV. — We have seen that in an enclosure 
of uniform temperature the flow of radiant beat is the 
same in all directions, both as regards quantity and quality, 
whatever be the substances with which the enclosure is 
filled. Now with regard to light a good coal fire may be 
viewed as an enclosure of approximately uniform tempe- 
rature, and accordingly we ought to find that, whatever 
substances be ptit into this fire, when these ultimately 
become of the same temperature as the fire, they will not 
alter the nature of the light which is given out. We may 
prove this by throwing coloured glasses into the fire, and 
when these become sufficiently heated they will be foimd 
to have lost all their colour. The red glass, for instance, 
which we have thrown in wilt, as we have already seen, 
give out a greenish light on its own account; but it will 
pass red light from the coals behind it in such a manner 
that the light which it radiates precisely makes up for that 
which it absorbs ; so that we have virtually a coal radiation 
coming partly from and partly through the glass. 

236. We caimot conclude this subject without. alluding 
to a very interesting experiment first made by Foucaull, 
but afterwards revived and extended by Kirchhoff, in which 
the equality between radiation and absorption is extended 
to individual r^y% of the spectrum. 
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Foucault found that the voltaic arc formed between char^ 
coal points often emits the ray D di the solar spectrum on 
its own account, and at the same time absorbs it when 
it comes from another quarter, Kirchhoff, again, found that 
coloured flames, in the spectra of which bright sharp lines 
present themselves, weaken rays of the colour of these 
lines when such rays pass tbroi^h the Oames. We thus 
see that the same media which ui a hea'ed state emit 
rays of a certain refrangibiUty in great abundance have 
also the power of stopping these rays when they fall upon 
them from another source. 

CoNCLUDiKa Remarks. 

226. We have thus arrived both theoretically and ex- 
perimentally at a law which may be enunciated as follows : — 

Bodies when cold absorb Ihe same rays which they give oui 
when hot. The reader will at once be struck' with an 
analogy between sound and light in this respect A musical 
string when at rest takes to itself and therefore absorbs the 
very note (given out by another instrument) which it will 
itself give out when in a state of vibration. 

Reasoning from this analogy Professor Stokes had sug- 
gested beforehand the probability of a connexion between 
the absorption and radiation of bodies for particular rays 
of the spectrum, and he also imagined that this suggestion 
would account for the dark lines in the solar spectrum. 

The prediction of this philosopher has been abundantly 
confinned by the labours of Kirchhoff; but the striking con- 
clusions with regard to the constitution of the sun and stars 
which Kirchhoff has experimentally arrived at must be de- 
ferred till another chapter. 

We cannot, however, refrain from remarking that the law 
developed in this chapter affords a valuable confirmation by 
analogy of the truth of the undulatory theory of l^ht. 
■ . .t.oogic 
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The likeness between a vibrating string' and a heated parUcIs 
has been remarked above, and we have seen that a particle 
{just as a string with regard to sound) absorbs the same kind 
of n,y which it gives out. It is, perhaps, allowable to infer 
that light, Uke sound, consists of undulations which are pro- 
pagated in a medium surrounding bodies, and that when 
heat or light is absorbed by a particle, the motion is con- 
veyed from the medium to the particle, just as when a string 
takes up a note passing through the air, the motion is 
conveyed from the air to the string; and that, again, when 
heat or light is radiated by a particle it is similar to the 
giving out by a string of its note to the air. 



CHAPTER IV. 
RadiaHon al Different Temperalures. 

327. It has already been stated (Art. 204) that the stream 
of radiant heat continually proceeding through an enclosure 
of which the walls are kept at a constant temperature 
depends only on the temperature of the walls, and not on 
the nature of the various substances of which they are com- 
posed ; the only diiference being that for metals this stream 
is composed partly of radiated and pardy also of reflected 
heat, while for lamp-black it b composed wholly of radiated 
heat. This may be expressed by saying that this stream 
depends upon or Is a function of the temperature, and of it 
alone; but there is the following very important difference 
between a reflecting and a lamp-black surface, as repre- 
senting this stream of radiant heat. 

It is only when a reflecting surface forms part of a eoni' 
plele enclosure of the same temperature as itself) that the 
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radiated and reflected heat from this surface together re- 
present the whole stream of heat ; for if we bring it for a 
moment into another enclosure of lower temperature, the 
reflected heat is altered, and although the radiation will for 
a short time continue nearly constant, yet this radiation will 
not represent the wbde stream of beat due to the tempeiu- 
ttire of the surface. 

On the other hand, if a lamp-black surface be placed in 
the above position, since the stream of heat whidi flows 
from it is entirely independent of the redezion due to 
neig^botiring bodies, the heat which it raiiiates when brought 
for a moment into an enclosure of lower temperature than 
itself will truly represent the stream of radiant heat due to 
the temperature of the lamp-black. 

228. Suppose now that we have a thermometer with a 
blackened bulb, and that this is placed in a blackened vacuous 
enclosure of a lower temperature than itself; the heat which 
it radiates will represent the total radiation due to the tem- 
perature of the bulb, while that which it receives will repre- 
sent the total radiation due to the temperature of the en- 
closure, and the difference between these two will denote the 
loss of heat experienced by the thermometer. 

Thus, if fl be the temperature of the enclpsure, and 1^6 
that of the bulb, then, since the stream of radiant heat (Art, 
204) is a function of the temperature only, we shall have 
this stream represented by F{l-\-S) and F{ff) for these two 
temperatures, and the rate at which the thermometer loses 
heat will be denoted by F{l+e)~F{e). 

This. is the rate aX which the instrument loses radiant 
htal, and it will also represent the rate at which it loses 
tetnptrature, or the velocity of cooling, as this is termed, if 
we suppose that (he specific heat (or heat required to pro- 
duce a change of 1°) of the mercury of the thermometer 
remains the same for all the temperatures of the experiment 
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This, though not precisely, is vtiy nearly the case, and 
hence the velocity of cooling of a thermometer placed in 
these circumstances may be regarded as representing with 
great accuracy the intensity of radiation. 

After these remarks we will proceed to discuss the ex- 
periments that have been made on velocity of cooling. 

Velocitt of Cooung; Variation with Tebpbrature 
of ' quantitv ' of radiation. 

220. Newton was the first to enunciate his views on the 
cooling of bodies. He supposed that a heated body ex- 
posed to a. certain cooling cause would lose at each instant 
a quantity of heat proportional to the excess of its tempera- 
ture above that of the surrounding ^r. It was, however, 
aoon found that this law was not exacdy fallowed, and 
several philosophers made experiments on the subject with 
more or less success, until the time of MM. Dulong and 
Petit, who made a very complete and successful investigation 
of the velocity of cooling of a thermometer both in vacuo and 
in air. Let us now describe their experiments in vacuo. 

280. The apparatus used by these experimenters con- 
sisted of a hollow globe of thin copper with the interior 
blackened, which could be immersed in a vessel of water or 
other liquid of known temperature. Through an orifice in 
this globe a thermometer could be inserted, so as to have it3 
bulb in the centre of the globe. The temperature of this 
thermometer was always higher than that of the globe, and 
the number of degrees through, which the mercury was 
observed to sink in a minute, supposing its rate of cooling 
to be uniform during that time, was taken to denote the 
velocity of cooling of the thermometer. 

A preliminary set of experiments was first made, from 
which it appeared that the law of fooling of a liquid mass is 
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independent of Che nature of the liquid and of the form and 

size of the vessel which contains it. Having determined this, 
MM. Dulong and Petit proceeded to make their final experi- 
ments with a large thermometer containing about 3 lbs. of 
mercury inserted in the centre of their globe. The tem- 
perature of the globe was kept as nearly as possible uniform 
during the course of an experiment. In the first instance 
this thermometer preserved its natural vitreous surface, and 
the number of degrees through which its mercurial column 
fell in one minute was considered to denote the velocity of 
cooling of the thermometer corresponding to its average 
temperature during that minute. 

The following were the results obtained where the tem- 
perature of the enclosure was that of melting ice. 
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We see at once from this table that the law of Newton 
does not hold, for according to it the velocity of cooling for 
an excess of 200° should be precisely double of that for an 
excess of 100°; now we iind that it is more than three 
times as much. 

231. In Dulong and Petit's experiments the excess of 
temperature of the thermometer and also the absolute tem- 
perature of the enclosure were made to vary, that is to 
say, both / and 6 varied; and they obtained the following 
results. 
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Now if we divide the numbers of the third column by 
the conesponding numbers of the second — for instance, 
13-40 by 10-69 — ^^ ^^^ ^^ quotient to be i-i6; and con- 
tinuing the process for the other numbers in these columns, 
we find : — 
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In like manner 
4th column 
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6th col 
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gives as quotients, i-i6, i-i8, i-iti, 1-15, 



snvKi as quotients, i-i6, i-ir, i-i6, 
lumn " ^ . . ii> > 

6, 1-17, i-iK, i-i6, i-i6. 



- gives as quotients, i-i5, i<i6. 



- gives as quotients, 1 



■16, 1-17, 



olumn 

17, 1.17, 1-15- 

These numbers are all nearly the same, and their mean 

is 1-165. Hence we see that corresponding numbers in the 

various columns form a geometrical progression, so that if 

we denote a number in the second column by unity we 

• - '.t.oiiglc 
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aha]) have i, 1-165, (i-uSS)*, (»-i65)'. (i-i^s)*, as repte- 
sentjng the velocities of coofing for the same excess of tem- 
perature for the cases where the temperature of the enclosure 
IB denoted hj 0°, ao°, 40°, 60", and 80°. 

We are thus entitled to say that the vtlocily of cooling of 
a ihtrmomeier in vacuo Jor a eomlanl excess of tempsraturt 
increases in a geomttrical progression when the temperature of 
the surrounding medium increases in an arithmetical progression, 
and the ratio of this pri^ression is the same whatever he the 
excess ^temperature. 

ass. MM. Dulong and Petit soon saw that this remark 
would enable them to find the law of cooling. 

In the first place, it ought to be observed that the results 
already given are in accordance with the theory of exchanges, 
and that they fonn an additional proof of the truth of that 
theory. The theory of exchanges asserts that the, loss of 
beat experienced by a thermometer cooling in vacuo is 
represented by the difference between the radiation due to 
the temperature of the thermometer and that due to the tem- 
perature of the enclosure. Hence, according to this theory, 
a A, B, C denote the absolute radiation at the temperatures 
a, b, c, of which a is the highest and c the lowest, then 

A—B will represent the rate of cooling of a ther- 
mometer of temperature a in an enclosure of 
temperature b : 

B—C will represent the rate of cooling of a ther- 
mometer of temperature i in an enclosure of 
temperature c : 

A~C, or {A-B) + {B-C), that is to say, the sum 

of the two preceding rales will represent the rate of 

cooling of a thermometer of temperature ia) in an 

■ enclosure of temperature (c) if Prevosi's theory is 

true. Testing this by the table of Art. 131, we 
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findthat if a= i40°aDil $ = 8o°(/ = 6o°, = 8o°X 
then the veloci^ of cooling, or A—B, is i-i7. 
Again, if 

^■■8o''andf = 3o''(/-6o*', fl = ao°), 
the velocity of cooling, or B~C, is found to be 
i-4a Hence the sum of these two rates will be 
2.17+1.40-3-57. 
Once more: if a- 140° and c- 20° (/= 120°, tf-io"), we 
find from the same table that the velocity of cooling, or 
A—C, is 356. Now this is as nearly as possible equal to 
the sum of the two preceding rates, which was 3-57 ; so that 
the evidence derived from these experiments is decidedly in 
favour of the theory of exchanges. 

Assuming therefore the truth of this theory, MM. Dulong 
and Petit supposed that the velocity of cooling of a ther- 
mometer in vacuo may be represented by the function 
F{J-^S)—F(6), where the first term represents the absolute 
radiation of the thermometer whose temperature is /+tf, and 
the second term the counter-radiatiOD of the enclosure whose 
temperature is 6, 

288. Now we have seen (Art 331) that for an excess of 
temperature of 300° of the thermometer above that of the 
enclosiu'e the velocity of cooling may be denoted thus — 

Temperahne of encloinre — o''C. ao" 40° V 

Velocity of cooliiig((=»oo°) — 7-40 7.40(1.165) 7^0(1. i65)» . . , 

— — -7.40 7.40(10077)" 7-4oCi*o77)* 7-40(i*or7)». 

In like manner if /, or excess of temperature, •= 180° we 
shall have — 

-o"^. »' 40° «• 

=6.10 6.10(1-3077)" 6.10(1.0077)" 6.io(n»77)». 

It thus appears that for an excess = 200° we have 7.40 
as a constant multiplier of the various terms, while for an 
exces8=i8o° this multiplier becomes 6.10. This multiplier 

Q2 ' - .CoOgIC 
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varies therefore with the excess of temperature or /, but not 
with the absolute temperature of the enclosure, or 6, if only 
the excess remains constant ; it is therefore a function of /, 
and we may represent it by ^ (/), according to the usual 
notation. Hence we see that the velocity of cooling for any 
values of / and * may be represented by 
0(/)x(i-oojj)». 
But the velocity of cooling (Art. 232) is also represented 
by F{j-^e)-F{S). 

Hence these two expressions must be equal to each other, or 

Dividmg by (i-oojj)* we have 

(.-oon)* — ♦<'>■ 

and expanding in terms of / we find 

dF{«) S*F{«) J* ^ 1 ^,„ 
4. — i_^ + i^_ + &c.[ -^C*) 



JJ^W+^ 



(10077)* 

dF{fl) I . d'P(S) 



;i+8K.=A+£l-¥Cfl+tCC. 



d» (i-(»77)» 'Kf i.»Ci-«>77)* 
Now since this equation must hold good for all values of / 
we may equate corresponding coefficients ; and hence 

— 55— T — t; -Bma. constant quantity, 

Hence integrating 

/'(fl)-»i(i-oo77)»+i, if ; m; 

^ logi-oo77 

and ^ is a constant quantity at present undetermined ; and 

hence also F{i-\-e)~m{i-ooiiY**+k. 
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The veloci^ of cooling of the thermometer in vacuo will 
therefore be reprcBented by 

^{/+9)-/'(fl)-»i(r-oo77)»(i-ooJ7'-i); 
where /+^ is the temperature of the thermometer, and that 
of the enclosure in Centigrade degrees. 

The value of m in the present case is 2'037, as may be 
easily found &om the table of results. 

When the bulb of the thermometer was covered with 
silver it was found that the velocity of cooling might be 
expressed by the same fonnula, only with a change in the 
value of m. Here it was necessary to suppose m- 0-357, 

234. We are thus led to suppose that the expression 
ffi (i'0O77)*+^, in which m varies from one substance to 
another, will represent the absolute radiation corresponding 
to the temperature 6\ but this expression must ueverthelesa 
be considered as an empirical formula satisfying observation, 
but which we are unable to deduce as a consequence from 
any known properties of matter. In truth our knowledge 
of the forces concerned in radiation is very smaL 

MM. Provoslaye and Desains have ance made experi- 
ments on the cooling of bodies, which tend to confirm the 
accuracy of the results obtained by Dulong and Petit 

235. Alffioiute measord of radiation. While the ex- 
periments of Dulong and Petit were admirably adapted to 
give the law of cooling, they are not so well fitted to 
determine in absolute measure the radiation from a heated 

_ body. This has since been done approximately by Mr. Wm. 
Hopkins. Mr. Hopkins represents by unity the quantity of 
heat required to raise 1000 grains of water one degree 
Centigrade, and in terms of this unit he measures R, or the 
amount of radiant heat, which would emanate in ont minuU 
from a square foot of a given surface. He thus obtained as 
the radiation in vacuo for ,1 
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Glass,.. R= 9-566a«{B*-i). 

Dry Chalk, R= 8613 a* (j(— i). 

Dry New Red Sandstone, R' B-^i'j a* {c^—i). 

Sandstone (Building Stone), R~ -S-SSa a* (a'— i). 

Polished Limestone, R= (»-io6 a* (a*— i). 

Unpolished Limestone (same block), J? = i2'8o8 a*(a'— i). 

Where a retains the value, viz. I'ooy? given in Dulong and 
Petit's experiments, and 6 denotes the temperature of the 
enclosure, while / denotes the excess of temperature of the 
hot surface. 

Variatiok with Temperature of Qualitv of Hbat. 

286. Having now considered the law of cooling as repre- 
senting with much accuracy the quantify of heat given out 
by a black substance at different temperatures, we come next 
to the relation between the temperature and the qualify or 
nature of the heat given out. And here we may remark 
that the laws which connect the radiation of a black body 
with its temperature, both ^ regards the quantity and the 
quality of the heat given out, hold approximately for bodies 
of indefinite thickness which are not black, — thus, for in- 
stance, they would hold for a metallic surface, which would 
represent very nearly a lamp-black surface, with the radiation 
diminished a certain number of times. 

These laws would not, however, hold exactiy for a white 
surface, such as chalk; for this substance behaves like lamp- 
Hack with respect to rays of low temperature, while it is 
white for rays of high temperature, and the consequence of 
this will be that its radiation will increase less rapidly than 
that of a lamp-black surface. In like manner, these laws 
will not hold exactiy for coloured surfaces. 

Now with regard to a lamp-black surface, which, as we 
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have seen, is the proper representative of heated surracesj 
we have reason to believe that the following laws hold. 

1. The spectrum of the radiant heat and light given out 6y 
a lamp-black surface is continuous, embracing rays of alt 
refrtingibililies between certain limits on either side. Thus 
the spectrum of an ordinary fire is continuous; and in Hke 
manner that of the electric light, or of carbon at a very high 
temperature, is also continuous. 

2. We have reason to think that as the temperature rises, the ■ 
spectrum of a black substance is extended in the direction of 
greatest refrangibility, so as to embrace more and mart of the 
violet and photographic rays. 

This extension of the spectrum is also very perceptible 
to the eye, for a body at first emits only dark rays or rays 
of low refrangibility, then as its temperature increases it 
becomes red, and afterwards becomes yellow, and finally it 
becomes white. 

There is thus a very apparent change with increasing 
temperature in the refrangibility of the radiation; and this is 
produced in the first place, as we have seen, by the addition 
of rays of higb refrangibility, which are, at least as far as 
we can judge, absent from the radiation of lower tempera- 
ture. But besides this, we are induced to believe that each 
individual ray of the low temperature is increased for the 
high temperature, only a ray of high refrangibility is in- 
creased in a greater proportion than one of low refrangi- 
bility, so that probably the average refrangibility is augmented 
at the same time that the total amount of radiation of any 
given refrangibility is also increased. Thus, the radiation 
from a piece of coal just below redness consists entirely of 
dark rays, while that from the sun embraces a large propor- 
tion of luminous and chemical rays, and is probably of a 
much higher average refrangibility than the radiation from 
the coal ; but the dark rays common to both bodies likewise 
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occur in greater amount in the solar radiation, where the^ 
form, in fact, a spectrum of great heating power towards the 
left of the red. 

SS7. It thus appears that the rays proceeding from a 
heated body do not sensibly affect the human eye unti] the 
body has attained ihe temperature of redness, after which 
the body rapidly increases in luminosity. Thus, for a range 
of at least 500° Fahr. above the temperature of the eye 
the rays of heat emitted by a body are invisible. The cause 
of this invisibiiity is rather a physiological than a physical 
question ; nevertheless, the suitableness of this arrangement 
IB at once apparent, for if any other law were to bold — 
if, for instance, the eye were affected by each substant^ in 
proportion to the difference between its radiation and that 
due to the temperature of the human body — it is difBcnlt to 
conceive how we could either enjoy the advantages of dark- 
ness, or experience that variety of shade and colour which is 
one of the chief pleasures of vision. It is also worthy of 
remark that by the present arrangement our safety is secured, 
for the eye is generally able to detect the presence of com- 
bustion when it occurs. 

Radiatiok of a PaIiticle; Radiation of Gases. 
aS8. Having discussed the radiation from heated surfaces, 
we proceed to consider that from thin plates and particles. 
Take, for instance, a glass plate at a low temperature : this 
will stop nearly all the rays corresponding to this tempera- 
ture, and therefore it will behave very much like a lamp- 
black surface. But at a high temperature (above redness, 
for instance) it will pass a great many of the rays of this 
temperature ; and hence, its proportional absorption being 
less, its proportional radiation compared to lamp-black will 
also be less. The radiation of such a plate will not therefore 
■-^crease with the temperature as fast as that from a lamp- 
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black surfece. Many other bodies besides glass possess 
the property of being more opaque to heat of low than to 
that of high temperature, and for all these the radiation will 
not increase with the temperature so fast as that from a 
black surface. 

The thinnest plates of solid or liquid substances which 
we can obtain will not, however, afford us the means of 
studying the radiation from a particle ; in order to do this 
recourse must probably be had to a gas, each of whose 
particles we may perhaps suppose to act for itself, and not 
to be fettered by the neighbouraig particles in the way in 
which ft would be in the solid or liquid state. 

289. In studying the radiation of gases we are led to 
some very peculiar laws. 

I. In the first place, we may say that He gineral ab- 
SQTpiion and radiation of gam are often small, while on 
the other hand the selective absorption and radiation of many 
of them are very strong. The feeble radiation from heated 
air was observed by Melloni, and the feeble absorptive 
power of it, as of many other gases, for light is familiar to 
every one. Nevertheless, by aid of electricity we are en- 
abled to heat a portion of any gas or vapour to a very high 
temperature, so as to obtain a visible spectrum from it, 
which we may then analyse by means of the spectroscope. 
Such spectra when obtained are generally discontinuous; 
that is to say, they consist of a very intense radiation of 
certain disconnected spectral rays, while the intervening 
spaces are totally, or nearly totally, dark. 

3. In the next place, the bright lines given out by any one 
gas does not as a rule coincide in spectral position with those given 
out by any other gas. Certain coincidences of this kind are 
however supposed to esist, and of these we shall speak 
presently. Elaborate researches on the spectra of gases 
have been made by various experimenters. . , - , 
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3. In the third place, the sptctra of gases probably remairt 
of the same character, with certain limiialiom to be afterwards 
mentioned, throughout a very wide range of temperature. We 
must make the foUowiog exception. If, for instance, one of 
the blight lines given out by a. heated vapour be in the blue 
of the Bpectrum, and if this vapour be capable of existing at 
a red heat, we must not expect that it will give out the blue 
line at this heat, nor until the temperature rises to such a 
degree that blue becomes one of the constituent rays of that 
temperature. When this is reached the blue hne will be 
given out, and when once given out it will probably continue 
throughout a great temperature range, 

4. Fourthly. An exception to this last law taies place when 
the incandescent vapour, from nearness of particles, is in a 
state of complex molecular aggregation. 

Dr. Frankland has shewn that under sufficient pressure 
the gas hydrogen may be made to give out a spectrum 
approximately continuous. 

Mr. Lockyer again has been led by hia solar researches 
to the conclusion that gases or vapours which give out 
channelled spectra are in a state of comparative molecular 
complexity, while those that give out line spectra are in a 
state of molecular simplicity. 

The recent researches of Roscoe, Schuster, Lockyer, and 
others lead us to believe that in the case of many gases there 
are several successive stages of spectral simplification as the 
temperature is increased. It follows from this that the 
absorption spectrum of a gas at a low temperature may be 
very different from its radiation spectrum at a high one. 

5. Fifthly. When a radiating particle is - approaching the 
observer at a rapid rate, the wave-lengths of the lines that 
it gives out are diminished, and when it is rapidly receding 

from the observer, the wave-lengths of these lines are increased. 
This principle was first enunciated by Doppler. It was 
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applied by Dr. Huggins as a method of ascertaining die 
proper motions of the fixed stars in a direction to or from 
the earth, and by Mr. Lockyer and others in ascertaining the 
velocity of the meteorological motions in the atmosphere of 
the Sim. 

It is susceptible of easy illustration if we refer to sound. 
Let us, for instance, suppose that we have a locomotive at 
rest and whistling with a note which corresponds to iioo 
blows given to the air each Becond of time. Now since 
sound travels, let us say, at the rate of iioo feet per second, 
these various blows will follow each other one foot apart, 
the previous one having advanced through one foot at that 
moment when the next is given out, in other words, the 
wave-lengih of the note is one foot. If however the loco- 
motive is not at rest but moving in the direction of the 
sound at the rate, let us say, of 100 feet per second, it is 
evident that during the interval between two blows the 
locomotive itself, which is the source of the blows, will have 
advanced one-eleventh of a foot. Hence the blows will 
now be only ten elevenths of a foot apart, or the wave-length 
will have been diminished. In like manner had the engine 
been moving in an opposite direction, it might be shewn 
that the wave-length would have been increased. 

Inasmuch, however, as the velocity of light is very great 
compared to that of moving bodies, the amount of change 
produced by proper motion in the wave-length of the rays 
einitted, is in all cases comparatively small. 

340. These laws of gaseous radiation have lately become 
of great practical importance. Let us recapitulate the most 
important of them. 

In the first place, the spectrum of an ignited gas consists 
of a few bright lines of definite refrangibility. 

Secondly, these lines are as a rule not the same for any 
two substances. 
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Thirdlj, the lines peculiar to an^ substance remain the 
same throughout a great range of temperature. 

If to these three laws we add the following chemical one, 
namely, that at a very high temperature most substances 
are decomposed, we shall soon readily perceive the great 
practical importance of this combination of facts. 

For if we already know the spectra of the various chemical 
elements, and if we heat a specimen of any substance pre- 
sented to us for analysis sufQciendy to resolve it into its 
elements and to drive these Into the state of vapour, then 
will the position of the bright lines of the spectrum of the 
flame obtained enable us to ascertain what elements were 
present in the substance, since each element will furnish ils 
own peculiar lines, which are supposed to be known and 
recognizable. It was first remarked by Professor Swan 
that by means of the well-known and peculiar double line 
D the presence of a salt of sodium may be detected in 
a most delicate manner; and Bunsen and KirchhofF, who 
have done much more than any one else to introduce and 
perfect this method of analysis, remark that by means of 
the spectroscope the presence of less than xini.ir^.innF "f * 
grain of sodium may probably be detected. Bunsen has 
also by this means discovered two new metals, namely ecesium 
and rubidium. Our countryman Crookes has discovered 
thallium, and Messrs. Reich and Richter indium, and other 
elements have since been discovered by the same means. 

241. Before concluding this chapter we ought to allude 
to the beautiful discovery of Kirchhoff, by which it has been 
proved that substances with which we are here familiar exist 
also in the atmospheres of the sun and stars. It had been 
observed, first by "WoUaston and after him by Fraunhofer, 
that ihe solar spectrum contains a number of dark lines, 
while it is in other respects a continuous spectrum, and the 
latter observer extended his remarks to the spec^ of manr 
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of the fixed stars. The origin of these lines for a long time 
remainad a mystery, nor was this mystery diminished when 
it was found by Fraunhofer that a bright band corresponding 
in refrangibility to the double dark line D of the solar 
specUum was produced by the light of a flame containing 
sodium. Sir D. firewster was the first who prepared the way 
for the solution of this problem, by shewing that analogous 
(not identical) lines might be artificially produced by inter- 
posing a jar of nitrous acid gas in the path of a ray of light. 
The inference naturally drawn from this experiment was, that 
the lines of the solar spectrum do not denote rays originally 
wanting in the light of the aun, but are due to the absorption 
of his light by some substance interposed between the source 
of light and the spectator. It was doubtful, however, 
whether this stoppage of light occurred in the atmosphere 
of the sun or in that of our earth, until the matter was finally 
settled by Kirchhoff, not however before the true explanation 
had been divined by Professor Stokes. 

Kirchhoff found that a sodium flame which gives out on 
its own account the double fine D absorbs a ray of the same 
refirangibitity when it is given out by a body of a higher 
temperature than the sodium flame, thus producing a dark 
line D instead of a bright one, and he therefore conjectured 
that the dark line /? in the light of our luminary was 
occasioned by the presence of the vapour of sodium in the 
solar atmosphere, at a lower temperature than the source 
of light. This belief was strengthened by his finding that 
many of the dark solar lines correspond in position with the 
bright lines given out by metallic vapours, and by this means 
he detected the presence not only of sodium but also of 
iron, nickel, calcium, magnesium, barium, copper, and zinc, 
in the atmosphere of our luminary. In Fig. 60 we have a 
sketch of the appearance presented when the sun's spectrum 
is compared with that of the vapour of sodium. 
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By a umilar process Messrs. Huggins and Miller have 
detected the presence of various elements in Aldebaran and 
other stars. 



Fig. 6a 

More lately Mr. Huggins, ia directing his spectroscope to 
certain nebulae, was surprised to find that their light resolved 
itself into bright lines with a dark background. The portion 
of these lines appeared to indicate the existence in these 
curious bodies of incandescent hydrogen gas. 

Still more recently Professor Donati in Italy, and Mr. 
Hnggins in this country, have made observations which 
would appear to indicate that the physical constitution of 
comets is analogous to that of the nebulae above mentioned, 
and the latter observer finds that the light from the nucleus 
of a comet consists of bright lines, appearing thus to indi- 
cate ignited gas; while, on the other hand, the coma has 
apparently a continuous spectrum. 

Again, M. Janssen the French observer, and Mr. J. Norman 
Lockyer in this country, have found that the red flames 
which are seen by the eye to surround the sun when he is 
totally eclipsed can be detected by means of the spectroscope 
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on ordinary occasions. Mr. Lockyer finds by this means 
that an atmosphere consisting of hydrogen surrounds our 
himinary for about 5000 or 6000 miles above his apparent 
surface into which there are occasional injections of the 
vapours of sodium, magnesium, and iron. 

One of these hydrogen lines in the son's atmosphere was 
noticed by this last-named observer to "present the appear- 
ance of an arrow head with its thickest part resdng on the 
sun. This is a bright line corresponding in position to the 
dark line F, and Dr. Frankland and Mr, Lockyer have found 
by laboratory experiments that the thickness of this line of 
hydrogen depends upon the pressure under, which the gas 
exists, so that it is. not improbable the spectroscope nwy 
uldmately give us the means of measuring the pressure and 
the temperature of the various strata of the atmosphere of 
our luminary. 

The following statement will bring before the reader the 
most recent developments of this interesting subject. 

It had already been observed by Kirchhoff that somedmes 
one or more of the spectral lines of an elementary vapour 
appeared to be reversed in the solar spectrum, while other 
lines did not experience reversal. 

Mr. Lockyer has succeeded in obtaining certain results 
which throw much light on this phsenoroenon. 

Hitherto, when taking the spectrum . of the electric arc 
between two metallic terminals the arrangements were such 
as to give an average spectrum of the metal of these; if 
however we submit to the spectroscope a cross section of 
the arc midway between the poles we shall find that the 
central portion of this cross section is rich in lines while the 
borders give us comparatively few. 

Thus there are many short lines which confine themselves 
to the central portions, and a few long lines which extend 
all the way across. 
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We are thus led to regard the abort lines as those which- 
}>robab]y reqtnre a greater densitj or nearaess (A the vapour 
particles before they make their appearance ; vhile on the 
Other hand those which extend all the way across may be 
regarded as those which will continue to make their appear- 
ance in vapour of %fsalt tenuity. 

Now it was remarked that these long lines were the ver^ 
lines which were reversed in the atmosphere of the sun; 
Hence when we observe a ^gle coincidence between a 
dark solar Une and the bright line of any metal we are 
furdier led to inquire whether this bright line is one of the 
long lines which will continue to exist all the way across the 
arc of that metal. If this be the case, then we may argue 
with much probability that the metal in question occurs in 
the solar atmosphere ; but if on the other hand, the coin- 
cidence is merely between a solar dark line and a short 
bright one, then we are led to imagine that it may not be a 
true coincidence, but something which will probably dis- 
appear on further examination. 

Let us now imagine that we have terminals of some one 
metal which is however contaminated with a very slight ad- 
mixture of some other metal When we obtm the spectrum 
of the cross section of the arc as above described we shall 
obtain all the lines of the first metal hut only the long lines 
of the second which exists in very small quantity as a con- 
taminati(»i. 

When therefore we find the spectrum as above taken of 
one metal giving us certiun Unes that are coincident with the 
long ones of some other metal we may imagine that the 
latter exists in the former as an impurity. 

We are thus enabled to dispose of a good many cases of 
alleged coincidence between the spectral lines of certain 
elementaiy metals, which it is extremely difficult to obtain 
pure, but nevertheless Mr. Lockyer is of. opinion that this 
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will not account for all the coincidences and approximate 
coincidences observed between elementary spectra, and he 
thinks that there is evidence that the elements are to some 
extent split up at a very high temperature. 

Let us here endeavour to realise what would be the be- 
haviour of the spectrum if the so-called elements were not 
capable of simplification, and also what would be its beha- 
viour if they were, and then find with which of these two 
hypotheses the true behaviour of the spectrum agrees best. 

If the elements were absolutely simple bodies, we might 
still expect that the molecule of vapour of an element would 
be at a low (emperature more complex than at a high one, 
and would therefore give out a more complex spectrum. 
As however the temperature was made to rise we m^ht 
expect ultimately to obtain a certain spectrum which would 
represent the simplest mode of vibration T>f that element, and 
which would thenceforward remain, however much higher 
the temperature should be made to mount 

And again we should have no reason for supposing that 
the lines of the ultimate spectrum of one element should 
coincide in position with those of the ultimate spectrum of 
another element. 

If therefore we had a mixture of all the elements, and 
subjected this mixture to a very high temperature, the result- 
ing spectrum under the supposition that each element is 
reaUy an element, would never be simpler than the combined 
spectrum of the various elements. 

On the other hand if [he elements were really compounds 
of some one primordial atom, we might expect that a very 
high temperature would split up their atomic structure, and 
simplify their spectra, so that at an enormously high tempera- 
ture a mixture of all the elements might nevertheless g^ve us 
a veiy simple spectrum. We might likewise expect that 
different elements might s 
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SO that at a very high temperature the spectra of these 
elements would have certain tines in common. 

It is towards the lai^r masses of the universe, the sun 
and stars, that we must look to find a mixture of all kinds 
-of matter at very high temperatures, and when we have a 
brilliant bluish-white star containing a large proportion of 
the more refrangible rays we have every reason for supposing 
this star to be at a very high temperature. 

Now such stars exhibit an extreme paucity in the black 
lines which appear in their spectra, in which there is hardly 
anything else than cerlain prominent lines seen in the 
spectra of hydrogen, calcium, ms^esium and sodium. This 
■ undoubtedly tells in favour of the power of high temperature 
to split up the so-called elements. 

Again, Mr. Lockyer has reason to believe that a paucity 
of lines is characteristic of the lower and hotter levels of our 
sun just as it is of stars hotter than the sun. 

Let us now ask whether the spectra of the various ele- 
ments have or have not certain lines in common. We have 
already seen that there are certain lines in the spectra of 
each element which appear long and thick, and it has been 
found that while such a line is, for instance, exceedingly 
prominent in some one element, other elements appear to 
-possess it only not so prominently. If this were all it might 
be accounted for by iraces of impurity, but Mr. Lockyer 
believes there are coincidences between the spectra of the 
various elements not of this nature. There are coincidences of 
lines which are not the prominent lines of any one spectrum, 
and they give no signs of that variability of brightness that 
might be expected to characterise lines due to impurities *. 

* Messrs. Liveing and Dewai have shewD b; Ilie applicatioa of great 
dispeisive power that some at kaiit of tliese ue only approximate 
coincidences. This slill leaves unexplained the fact that various 
elements exhibit lines which if not abtoktelj coincident are jret exceed- 



ingly close together, 
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Now these are the very lines that appear in the hottest 
regions of our son. On the whole there is an amount of 
evidence in favour of the hypothesis that our chemical 
elements are in reality combinations, but it cannot yet be 
considered as finally established. 

It would thus appear that through the laws of radiation 
we are likely to attain much information regarding the 
structure of the universe, both as regards the constitution 
and materials of celestial systems, and perhaps also as 
regards the internal structure of material molecules. 



CHAPTER V. 
Hadianl Heal.—Furlhtr Remarks on Absorption. 

242. It has already been stated (Art. 183) that the 

spectrum of a radiant body may be divided into two spectra, 
according to the effects which the rays produce. The first of 
these is the heating, and the second the luminous spectrum. 

The absorptive behaviour of substances with regard to 
the different rays of the spectrum is exceedingly varied in 
character, and forms at the same time a subject well 
worthy of our study both from its theoretical and practical 
importance. 

With regard to light, we know that the absorpdon of a 
substance for certain rays produces the colour of the sub- 
stance, and sometimes enables us to determine its com- 
position by means of its peculiarity of colour ; and as we are 
now able to study the behaviour of a substance not only 
with respect to light but also with respect to dark heat of 
all kinds, it is quite clear ihat we shall soon both extend 
) bear t 
,ooglc 
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various kinds of rays, and also add largely to our means of 
discriminadn^ between different substances. 

We shall now treat shortly of the behaviour of bodies wilh 
respect to dark heat and to light, reserving for another 
chapter their behaviour with regard to actinic rays. 

Absorptiom of Dark Heat by Diffxrent Bodies. 

248. Delaroche was the firet to shew that bodies exercised 
a selective absorption for dark rays, or sifled a stream of 
dark heat passing through them ; and from this he argued 
that such heat consists of different kinds of rays mingled 
together, just as white tight consists of a mixture of dif- 
ferently coloured rays ; and these conclusions of Delaroche 
have been abundantly confirmed by the experiments of 
Melloni. The method of analysis adopted by Melloni will 
be seen from the table on the opposite page, although the heat 
is not strictly dark, being the rays from a Locatelli lamp. 

344. If we refer to alum in the first column of this table 
we find that only 9 per cent of the heat from the naked 
lamp passes through a screen of this material, while 90 per 
cent of heat which has already passed through one screen 
of alum is capable of passing through a second. So in like 
manner, choosing sulphate of lime from the first column, we 
find that it only passes 14 per cent of naked heat, but 
64 per cent of heat which has already passed through the 
game material. The same thing may be remarked for 
cbromate of potash, green glass, and black glass, so that 
all of these substances are capable of sifUng heat in such 
a manner that a second plate will pass a greater proportion 
of the heat which has already passed through one plate 
of the same material than it will of naked heat. 

We see occasionally, tqo, evidences of athermanous com- 
binations in the above table, just as red and green glass 
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Transmission qfioa incident rays. 
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Mamn of satHtancei in 

poied; thickntx, unleu 
DKDtioncd, 1-6 miUimttrei. 



Rock salt 

Fluor spw 

Iceland ipai 

Glass, thickness 0-5 mm. 
81 - 

Rock dystal 

Acid chromote of potash 
Snlphate 0/ bftiyta .. 

White agate 

Feldspar 

Yellow amber 

Opaqae black mica, thick- 
ness 0^9 mm 

Yellow agate 

Aigue marine 

Borate of soda 

Green toDrmaline,... 

Sulphate of lime 

„ tbickDessiii 
Carbonate of amm 

Citric acid . 

Tartrate of potash and 

Glass, white 

„ violet 

„ red 

„ a^legieen ... 

„ mmeral green 

„ yellow 

„ blue 

„ opaque black 
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together produce an opaque combination. Thus rays which 
have passed through atum mil scarcel/ pass at all through 
black mica or black glass, through green tourmaline or 
green glass. It appears that in particular black glass and 
alum are antagonistic combinations, and the reason is sup- 
posed to be that alum is exceedingly opaque for all rays 
below the red and transparent for those above it, while black 
glass, on the other hand, is comparatively dialhermanous for 
rays up to red, but opaque for those above it. 

Thus we know in a general way that there are different 
varieties of dark heat, but how these are distributed in the 
spectrum, or what are the positions of the absorption bands 
produced by a screen which exhibits a selective absorption 
for dark heat, we do not yet know. 

24S. More lately Professor Tyndall has made some very 
interesting experiments on the absorption of bodies, but 
especially of gases for dark heat. These were made by 
means of a very delicate thermo-electric apparatus, and 
from them we learn that the absorptive power of the three 
permanent simple gases for dark heat is exceedingly small. 
He has also shewn that where aqueous vapour is present in 
the atmosphere on a day of average humidi^ its absorption 
is upwards of sixty times that of the air itself. We derive 
the following table from Professor Tyndall's memoir on ihe 
subject. 

Comparativt absorption of various gases, tach of Ihe 
pressure of 1 inch. 

Air I Carbonic caide 750 

Qt:jgea i Nitric oxide 1590 

Nitrogen i Nitrtnu oiid« 1S60 

HydiogeD t Sulphide of hydrogen... »roo 

Chlorine 60 Ammonia 7360 

Biomine l€o OleGontgas 7950 

Hydrobromic acid loof Snlphnrons add ^00 
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240. The results of this table are very remarkable, and: 
Professor Tyndall deduces from it the fact that for the heat, 
experimented on, the absorption of the simple gases is much: 
less than that of the compound ones. It would also appear. 
that the same chemical change which renders chlorine and 
bromine more transparent to lig;ht renders them more Opaque 
to obscure heat. Professor Tyndall has hkewise shewn that 
the absorptive power of scents for dark heat is very strong, 
as also that of ozone. With regard to the action of vapours, 
he found that of bisulphide of carbon to be very small ; and 
he also found that a solution of iodine in liquid bisulphide 
of carbon formed a medium which might be rendered per- 
fectly opaque for light while it was very transparent for dark, 
beat. Enclosing this substance in rock salt, so as to form a 
lens, he was enabled by this means to cut off all the luminous 
rays from the electric light, while he condensed the dark rays 
so powerfully as to produce ignition in the focus of his fluid 
lens. 

Absorption of Licht by Different Bodies. 

247. It is a well-known fact that a coloured body, such as 
red glass, absorbs one kind of light more than another; but 
even when bodies are apparently of the same colour their 
power of absorbing certain rays of light may be very dif- 
ferent. In order, therefore, to analyse completely the relation 
of a substance to Sight, a pure spectrum must be formed 
by means of a narrow luminous slit lighted up by the sun 
or by the electric light, and the substance to be examined 
must be held in front of the slitj^in this way certain rays 
will either be entirely wanting in the spectrum or at least be 
partially stopped, being absorbed by the substance in front 
of the slit. 

The following example will serve to shew that bodies very 
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nmilar in colour have nevertheless a very different selective 

absorption for certain rays of light. Port wine and biood 
are two l^uids somewhat similar in colour, but the former 
merely causes a general absorption of the more refrangible 
rays of the spectrum, while the latter produces two dark 
bands in the yellow and green. These bands were first ob- 
served by Hoppe. Professor Stokes has chosen this very 
example in order to shew the value of selective absorption 
for light as a discnnumting test of the presence of certain 
substances. He remarks that the colouring matter of blood 
contains a large quantity of iron, and that it might therefore 
be supposed that the colour is due to some salt of iron, more 
especially as some salts of the peroxide of iron have a blood- 
red colour. But there is found to exist a strong general 
resemblance, or family likeness, between salts of the same 
metallic oxide as regards the character of their absorption. 
Now none of the salts of iron give absorptive lines at all 
similar to those of blood, and Professor Stokes remarks that 
the assemblage of the facts with which we are acquainted 
seems to shew that the colouring matter of blood is some 
complex compound of the five elements, oxygen, hydrogen, 
carbon, nitrogen, and iron. This example is sufficient to 
shew the great importance of absorption as an auxiliary in 
chemical analysis. But in examining the selective absorp- 
tion of bodies it is not necemary to have a solution. Thus, 
for example, if a spectrum be thrown upon a screen of paper 
painted with blood, the same dark bands are seen in the 
yellow and green as when the light is transmitted through a 
sohition of blood. We thus see that the colour of a paper 
screen so painted is really caused by absorption, even al- 
though the paper is viewed by reflected light, and that it is 
not in reflexion that the preferential selection for certain 
rays is generally made. The light, in fact, which is irregu- 
larly reflected from such a surface of paper has first of all to 
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pass through a film of blood, and it is in this passage that 
the selective absorption is accomplished which produces the 
red colour, 

34S. MetBllio reflexioii. There are, however, some 
very curious exceptions to this rule. Goldl, for instance, re- 
flects yellow light most abundantly, while a very thin leaf of 
"gold transmits blue and green but absorbs yellow. HaJdinger 
was the first to notice this fact in a general way, which he 
expressed by saying that the reflected and transmitted light 
from gold are complementary to each other. Professor Stokes 
was, however, the first to examine the subject in a complete 
manner. The substance he used was permanganate of 
potash. Crystals of this substance have a. metalhc appear- 
ance and reject a greenish light. When this green reflected 
light is analysed by the prism, bright bands are observed, 
denoting a maximum of reflecting power ; and these bright 
bands correspiond in position to dark bands in the light 
transmitted by a soluticm of the same crystal. 

This is an exceedingly remarkable phsenomenon, and it is 
the more interesting as it appears to be entirely confined to 
metallic and quasi -metallic bodies '. 

There are yet other peculiarities exhibited by bodies in 
their action upon different rays, but these must be reserved 
until next chapter. 

* Ve:y recently Profemor Magnug hai made some very important ei- 
perimentB □□ the leflecllve power of substRnces for dark heat. He finds 
that floor spar at an angle of 45° reflects from 6 to 10 per cent, of moat 
l[in<li of beat, but of heat from rock salt it leflecCs from aS to 30 pei 
cent. On the other hand, heat derived from lock salt is almost com- 
pletely absorbed by fluor spar. 

It Is thns rendered probable that this substance behaves towards the 
beat from rock salt in the same manner as pemunganate of potash 
behaves towards green light. 
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Certain Pxactical Consequences. 

240, Suppose that we have a lai^e heated globe, as in 
Fig. 61 : and in (he first place, let there t>e no envelope 
round it, but let it be free 
to radiate its beat into space 
without receiving back any' 
in return. Let its velo- 
city of radiation be denoted 
byi?. Suppose now that this 
sphere is closely surrounded 
by a very thin envelope, 
opaque as regards the heat 
from the sphere ; and let us 
imagine that there is no heat 
conveyed from the sphere to 
* the envelope either by con- 

vection or conduction, or in any other way than by radiation. 
Now let R' denote the radiation of this envelope outwards 
into space, then R' will also approximately denote the radia- 
tion of the envelope inwards towards the sphere, since, as 
the envelope is very thin, both its surfaces may be imagined 
to be of the same temperature. 

Hence the radiant heat which leaves the envelope will be 
2R', while that which reaches it from the globe will be R. 

But if the globe be very large, and cool very slowly, the 
envelope will, it is clear, settle down into a state of equili- 
brium of temperature, and therefore its absorption will be 
equal to its radiation ; that is to say, 

R.iRf, or R'=-. 

We see, therefore, that by an arrangement of this nature 

the uncompensated radiation of the globe is diminished by 

"^ "ine half, and by additional envelopes it would be still more 
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diminisbed. The ehveIop« has thus served to retain the 
heat of the globe by diminishing its uncompensated radiation 
into free space. 

If we imagine the globe to be 3 body of comparatively 
low temperature, an envelope of a substance like glass will 
be sufBciently opaque for such heat to answer the purpose 
above indicated. 

Let it be further supposed that the direct rays of the sun 
are the source of heat which keeps up the temperature of 
the globe. These rays, proceeding from a sotirce of very 
high temperature, will pass through the glass envelope with 
great fecility, so that while this envelope will diminish the 
ladiation from the sphere it will yet allow most of the rays 
irom the source of heat to reach the sphere. Now imagine 
the sphere to be the bulb of a thermometer, and surround 
this with a thin glass envelope with a vacuum between, and 
it will be easily seen that by this means, even without the aid 
of a burning lens, the bulb may be healed by the rays of the 
sun to a considerable extent. 

If we now suppose the source of heat, that is to say the 
sun, to be withdrawn, it is evident that the gk>be will cool 
more slowly with the envelope than without it, so that we 
may imagine the effect of such an envelope to tend in the 
first place to increase the temperature of the globe while the 
sun is present, and in the nest to diminish the velocity of 
cooling when he is absent But this twofold action of such 
an envelope in such a case will depend, it is evident, upon its 
being more opaque to heat of low than to heat of high tem- 
perature. Glass is one substance of this kind, but it has 
already been mentioned that this property is very common, 
so much so indeed that very few substances are transparent 
to heat of low temperature. 

260. It has long been imagined that the earth's atmo- 
sphere is a' body of this kind, and that while it stops a 
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comparatively small portion of the snn'i rays in Ibor pro- 
grcm to the earth, it stops a very large portxxi of those 
which are gjven out from the stuiace of the eaitfa. 

That this is a property trf' our atmoqihere has been ren- 
dered very prohable by the experiments of Proliessor TyndaH 
upon the absorptive power of aqaeons v^XHir for h^ of 
low temperature, which he finds to be veiy great ; — grealo' 
probably than we can suppose it to be for heat of hig^ ton- 
perature, such as the sun's rays. 

From the known presence of aqneons vaponr in oar 
atmosphere we may therefore infer that we are EnrroaDded 
by an envelope which passes with cmnparative freedom the 
rays of the sun, while it absorbs most of the dark heat fiom 
the surface of the earth. Whatever we may suppose to be 
the whole effect both as regards radiation and convection of 
such an atmosphere during the day, there can be little doubt 
that during the night the absorptive nature of the atmosphere 
for dark heat diminishes the rate of cooling of the earth and 
thus perhaps serves to render it a fit habitation for Uving 
beings. 

281. Bapld Fefiigeration in central Ana and in the 
AMoAQ desert. ProresBor Tyndall has remarked the effect 
which an absence of aqueous vapour exerts upon the climate 
of certain portions of central Asia, and on that of the great 
African desert of Sahara. Owing to this absence the cooling 
of the earth after sunset is exceedingly rapid. Accordingly 
in central Asia the nights are very cold, and the winters 
almost unendurable. In the African desert, again, during 
the day the air is intensely heated, owing perhaps amongst 
other causes to the absence of evaporation; but during 
the night the refrigeration is so rapid that ice may some- 
times be produced. 

252. Formation of Dew. These remarks lead naturally 
^^ihe subject of Dew. For the true theory of this phsno- 
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tnenon we are indebted to Dr. Wells, a London physician, 
who published an account of his experimeDts in 1818. By 
these he assert^ned the following laws :— 

1. Dew is most copiously deposited under % clear sky; 

2. And with a calm state of the atmosphere. 

3. It is most copiously deposited on those substances 
which have a clear view of the sky; 

4. And which are good radiators (thus a gilded thermo- 
meter is less liable to be covered with dew than one tmgilt) ; 

g. And which are placed close to the earth. 

6. The deposition of dew is always accompanied with a 
lowering of temperature ; and at those places where dew falls 
most copiously the temperature sinks lowest. 
I Dr. Wells soon saw that the deposition of dew was owing 
to radiation. A solid substance which is a powerful radiator 
and is exposed to the clear sky gives off a great deal of its 
heat by uncompensated radiation into space, and is thus 
reduced below the temperature of the surrounding air. The 
particles of air in contact with the substance share in this 
reduction until they reach a ten^^erature at which they can 
no longer retain their aqueous vapour, but must deposit it 
on the solid body. 

We thus see why dew is most copious under a clear sky ; 
and if we reflect that the solid body is colder than the sur- 
rounding air, and can only obtain dew by cooling the particles 
of air in contact with it, we see the necessity for cabnness of 
atmosphere. We see also why the substance must have a 
clear view of the sky. 

Since the deposition of dew is the effect of cooling, we see 
why it is always accompanied with a fall of temperature ; and 
the hypothesis that the lowering of temperature is caused by 
radiation is also quite in accordance with those experiments 
in wluch Dr. Wells found that dew was most copiously de- 
posited on good radiators. 

.... ,l.,oogk- 
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It is not at first sight so obvious why a substance suspended 
a little above the earth should- have less dew than one at the 
earth's surface ; but Dr. Wells' explanation is no doubt the 
correct one; he remarks that, in the case of a substance 
above the earth, when the &ir in contact with it becomes 
cooled it also becomes heavier and sinks down, its place 
being supphed by lighter and wanner air. The coolii^ in this 
case, just as in that in which there is a horizontal movement 
of the air, is not sufficiently intense to produce dew, 

263. Artdflolal formatioii of ioe. Dr. Wells by means 
of this theojy was able also to explain the formation of ice 
in Calcutta, where shallow pans containing water are during 
night exposed to the clear sky, and are often in the morning 
covered with a layer of ice. 

Professor Tyndali has justly remarked that the fomiation 
of ice under these circumstances, while it is due to radiation, 
demands nevertheless an absence of aqueous vapour from 
the air ; and he quotes in favour of this view the remark of 
Sir Robert Baker, who, speaking of the fonnatioQ of ice in 
Bengal, says that the nights most favourable for its produc- 
tion are those which are clearest and most serene, and in 
which very Uttk dew appears after midnight. 



CHAPTER VI. 

Sadiant Heat. — Phospherescenee and Fltiorescence, 

264. Fhoaplioresoeiioe. In the preceding chapters it 
has been attempted to shew that the radiation of a heated 
body is, both in quantity and quality, dependent, upon the 
temperature of the body, and on it alone: and this law may 
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be regarded as a very accurate espression of a great number 
of facts. Accordingly, if a thermometer were raised to 
ioo° Fahr., either by exposure to the direct rays of the sun, 
or by immersion in hot water, we should expect to find its 
FadiatitHi precisely the same in both cases, and we should 
be. right in our expectation. 

Nevertheless, there are certain substances in which the 
nature of the radiation depends not altogether on their 
present temperature, but to some extent upon the kind of 
rays to which they have recently been exposed *. 

Such bodies are said to be phosphorescent. It has been 
shewn by E. Becquerel that the property of becoming phos- 
phorescent belongs to a great number of substances. Thus, 
if we take a tube containing powdered sulphide of calcium, 
or sulphide of strontium, and expose it to sun light or to the 
electric light, if viewed afterwards in the dark it will remain 
luminous for several hours. Evidently this luminosity is 
not due to the temperature of the powder ; and since this 
appearance takes place whether the powder be in vacuo or 
■in air, it cannot be due lo chemical action, and is probably 
rather due to a modification in the molecular state of the 
body caused by the action of light 

The same phsenomenon may be observed in many dia- 
monds, in fluor spar, arragonite, chalk, heavy spar, and a 
number of other minerals ; also among organic substances, 
in dry paper, silk, cane-sugar, &c. 

266. In many instances this exhibition of light lasts for 
a considerable time after the exposure of the substance to 
the exciting source ; but iii some cases it disappears in a few 
seconds, or even in a very small fraction of a second. In 
order to investigate the duration of this effect Becquerel has 

• We have u yet been able to study this pecoliai behaviour of bodies 
only with respect lo those rays which aie visible to the eye, and hence 
all this chapter treats of light. , . 
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invented an instrument called a ptioBphoroscope. In this in- 
strument two disks are placed parallel to one another on the 
same axle, and the substance to be tried for phosphorescence 
is placed in a fixed support between these disks ; there are 
apertures in fliese disks, but the aperture in the one is not 
opposite to that in the other, so that it is impossible to see 
through the disks. Suppose now that near that disk which is 
furthest from the eye there is a source of light, such as the 
sun or the electric hght, and that the disks by means of a suit- 
able train of wheels are made to revolve with great rapidity ; 
then at the time when liie aperture of the disk furthest away 
exposes the phosphorescent substance in the support to the 
rays of light it will be hidden from the eye of the observer 
by the nearest disk, but a moment afterwards the opening of 
this disk will reveal it, and if phosphorescent it will then 
appear luminous. It is clear that by this arrangem«it the 
letigth of time elapsing between the exposure of the sub- 
stance to the source of light and afterwards to the eye of 
the observer will depend upon the rapidity of rotation, and 
may therefore be made as small as possible. The observa- 
tions must be made in a dark chamber. Becquerel found 
by this means that compounds of uranium are luminous only 
if viewed .003 or .004 of a second after exposure. 

266. Fluoresoenoe. Sir David Brewster was the fir^ 
to remark that when the sun's light is condensed by a 
lens and admitted into certain solids or fluids, there appears 
to be an internal dispersion of the rays. Some time after- 
wards, in 1845, Sir J. Herschel began to study a very curious 
phaenomenon connected with sulphate of quinine — which is in 
reality a colourless liquid — namely, that under certain aspects 
a solution of this substance exhibits a beautiftil blue colour. 
This may be readily verified by viewing by daylight a solu- 
tion of this substance placed in an ordinary test tube. 
Sir I. Herschel shewed that the incident light, after ,pass- 
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ing through a small thickness of the fluid, although not 
sensibly enfeebled or coloured, had lost its power of pro- 
dacing this effect. In a solution of quinine therefore there 
is a copious dispersion of light, which takes place near 
the surface, while there is also a feeble dispersion for a long 
distance within the fluid; and Sir D. Brewster was led to 
the belief that llie dispersion produced by sulphate of quinine 
was only a particular case of internal dispersion. The phse* 
nomenon is XxnoiAfluoreuenct, 

367. Professor Stokes has since explained this phEeno- 
menon with great success. The circumstance to which he 
directed his attention was the fact that a very thin stratum 
of the fluid is sufficient to deprive the light of the power of 
again producing the same effect. The rays producing dis-* . 
persion, he was led to see, are very quickly absorbed; but 
he remarked that the dispersed rays themselves are able 
to travel many inches of the fluid with great freedom. The 
rays producing dispersion are therefore of a different nature 
from the dispersed rays. 

Professor Stokes was thus led to recognize a change in 
the refrangibility of the rays when they become dispersed. 
If it further be supposed that the rays causing dispersion 
are the invisible rays beyond the violet, this will account 
for the circumstance that the visible appearance of the light 
is not changed when it is deprived of its power of pro- 
ducing this phsenomenon; and it will also account for the 
fact that the blue appearance can hardly be seen by candle 
light, which is deficient in chemical rays beyond the 
violet. 

ass. In order to prove this change of refrangibility 
Professor Stokes instituted a very extensive series of ex- 
periments, from which he deduced the following results: — 

I, In the phEenomenon of true internal dispersion the re- 
frangibility of light is changed. , , 



858 . PHOSPHORESCENCE 

%. The refrangibtlitjr of the incident light is greater than 
that of the dispersed light to which it gives rise *. 

3. The nature and intensity of the light dispersed by a 
solution appear to be strictly independent of the state of 
polarization of the incident lays. The dispersed light is 
unpolarized, and appears to emanate equally in aU directions, 
as if the fluid were self-luminous. 

4. The phsenomenon is found to be extremely common, 
especially in the case of organic substances. 

g. It furnishes a new chemical test of a remarkably 
searching character, which seenas likely to be of great value 
in the separation of organic compounds. 

Professor Stokes has given a list of highly sensitive sub- 
stances, of which the following is an extract; — 

Glass coloured by peroxide of uranium. 

A solution in alcohol of the green colouring matter of 
leaves. 

A weak solution of the bark of the horse-chestnut. 

A weak soludon of sulphate of quinine, namely a solution 
of the common disulphate in. very weak sulphuric acid. 

Certain varieties of fluor spar. 

Red sea-weeds of various shades. 

Various solutions obtained from archil and litmus. 

Safflower red, scarlet cloth, and various other dyed articles 
in common use. 

258. It is important to notice the very striking likeness 
between the phEenomena of fluorescence and those of phos- 
phorescence, noticed in the preceding part of this chapter: 
in both cases it is found that tht most rtfrangible rays of 
the spectrum produce tht effect, and the dispersed rays appear 
nearly always to have a lower refroHgibility than the rays pro- 
ducing dispersion. 

* Certain experiments by other obserreis wonld seem to indicate Ihdt 
this law is not muTersnl. ... 
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In fact, it is now generally believed that the only differ- 
ence between the two ptuenomena is one of duration, and 
that whereas in phosphorescence the acquired luminosity 
may last for a considerable time, in fluorescent substances, 
or at least in fluorescent solutions, the effect vanishes almost 
. instantaneously when once the esciting ray is withdrawn. 

260. In conclusion, it ought to be observed that the 
phEenomena of fluorescence and phosphorescence afford 
peculiar facilities for the study of the invisible rays of the 
spectrum beyond the violet, and also for the study of the 
effects of the rays on different substances. 

In order to obtain all the information which these phe- 
nomena can give, it is necessary to form the spectrum 
by means of a prism of rock crystal, and to use Ukewise 
a rock crystal lens, as this substance allows the more 
refrangible rays to pass, while they are absorbed by glass. 
If a spectmm so formed be thrown upon a screen, any 
substance to be examined for fluorescence or phosphor- 
escence ought to be placed at the more refrangible end of 
the spectrum, and if it is found to become luminous in 
that position it may be assumed that it is fluorescent or 
phosphorescent. 

If the object of the observer be to study the fixed lines 
in the invisible ultra nolet portion of the spectrum, a 
screen of paper washed with a moderately strong solution 
of sulphate of quinine may be employed. The screen will 
thus be fluorescent, and will shine when exposed to the 
invisible rays, except for that part of it which correspondi 
to a dark line. The position of the dark Une is thus 
obtained, and by this means Professor Stokes has been able 
to represent the spectrum far beyond the violet It is need- 
less to mention that a spectrum so obtained will agree in 
the position of the dark lines with one obtained by any other 

"""'■■ , . Coogic 
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CHAPTER VII. 
Conduction of Heat. 

261. If one end of a poker be placed id the fire and 
allowed to remain there, the other end will in course of 
time become hot ; the heat ia thus conveyed to the further 
end of the poker by means of the particles of the poker 
itself, and this mode of conveyance is termed the conduction 
of beat. 

Many simple experiments mij^ht be mentioned in illus' 
tration of this property possessed by bodies of conveying 
heat by means cf their particles. Thus if a silver spoon 
be held in the flame of a candle or thrust into hot water, 
the end which is held in the hand will soon become incon* 
veniently hot, while if a wooden or stone- ware spoon be used 
instead, no inconvenience will be felt by the hand, for in this 
case the particles have not the same facility for conducting 
heat 

We thus perceive a difference between the conducting 
power of different substances, and indeed it is well known 
that the faculty of conducting heat is possessed by metals 
much more than by other bodies; gems and hard stones 
come next in order; while certain organic substances, such 
as wool, feathers, &c., and gases, such as air, possess the 
property to a very limited extent. Another familiar experi- 
ment is to wrap a handkerchief tightly round a polished ball 
of metal ; this may be held for some time in the flame of 
a candle before the handkerchief is burned, the heat being 
conducted rapidly into the substance of the metal. If how- 
ever the ball be of wood instead of metal, the handkerchief 
will very soon take fire, 
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262. Conduction of heat, it wiU at once be seen, is a very 
different thing from radiation; and yet there is this bond of 
union between the two, that they both tend to diffuse heat 
in such a manner as ultimately to produce equality of tem- 
perature. Thus it has already been stated (Art. 198), that a 
thermometer [Jaced. in an enclosure of consent temperature 
will ultimately attain the temperature of the enclosure, and 
it is no less true that in a pot of melted metal the ther- 
mometer will attain the temperature of the metal ; a good 
conductor, therefore, such as a metal, distributes heat by 
conduction very rapidly, a bad conductor very slowly, 

263. The conducting power of a body may be roughly ' 
recognized by the touch ; thus if the temperature of a bar of 
metal be much higher than that of the hand, on touching it, 
heat is rapidly conveyed from the metal to the hand, and the 
sensation of heat is felt, ^ain, if the metal be much colder 
than the hand, heat is rapidly conveyed from the hand to 
the metal, and the sensation of cold is felt. 

If, however, the .substance be a very bad conductor, such 
as a woollen texture, we can handle it with impunity, even 
although it be considerably hotter or considerably colder 
than our body, and we can use it as clothing to protect ua 
from the cold, since although the outer surface of such a 
texture may be exposed to a low temperature, yet the interior 
does not rapidly carry off the heat from our body ; in Uke 
manner, if we touch anything hot we do it through a similar 
medium, and if we wish to preserve ice we keep it wrapt up 
in woollen cloth ; in fine, the state of a substance with regard 
to temperature, whatever this may be, can best be preserved 
unaltered when the substance is surrounded by a non-con- 
ductor, such as wool or feathers. We shall now proceed to 
discuss the conduction of heat: first in solids, and secondly 
in fluids, including liquids and gases. 



a63 conduction of heat. 

Conduction of Heat in Homogeneous Solids. 

264. The difference in the conducting power of different 
solids may be recognized by a very simple esperiment. ' 
Let two bars, one of copper and one of iron, be fixed as in 
Fig. 63, and let them be heated equally by the Same of a 
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spirit lamp placed between them. In the course of time 
heat will be propagated along both bars, and they will both 
ultimately settle down info a state in which those parts of 
the bars nearest the flame will be hotter than those more 
remote from it 

The copper bar will however be hotter than the iron one 
at the same distance from the source of heat, so that a piece 
of phosphorus will take fire or wax will melt on the copper 
bar at a greater distance from the flame than on the iron 
one. Hence we infer that the conducting power for heat, 
or thermal conduciwify as it is termed, is greater for copper 
than for iron. 

S6S. Flow of heat aoroas a, waU. Fourier was the 
first to obtain a clear conception of this property of bodies, 
so as not only to define it precisely, but by applying to it 
mathematical calculation to bring the whole subject imder 
the domain of accurate esperiment. 
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In order to obtain a clear idea of condactivitj, let us 
Imagine a large vertical wall, one m^tre in thiclineas, made of 
some conducting substance, and let ns suppose that the one 
side of this wall is constantly kept at the temperature o°C by 
means of melting ice, while the other side is kept at a tem- 
perature i^C higher ; all the particles of such a wall will, it b 
clear, ultimately settle down into a permanent state with 
respect to temperature. Let AB 
(Fig. 63) denote the hotter side of 
this wall and CD the colder, the 
wall being perpendicular to the 
plane of the paper; also imagine 
u4C to be a horizontal line, and let 
the length of the line AB be taken to 
represent the temperature of the one 
side of the wall according to some 
fixed scale of temperature, while the 
line CD denotes that of the other 
side according to the same scale ; and, 
finally, imagine the dotted line EF to 
represent an imaginary section parallel to the sides of tlie 
wall and half way between them. 

S06. Now, in the first place, there is a cntain quan- 
tity of heat continually flowing from AB to CD, so that 
if we cut the wall by imaginary sections similar to EF 
there will be a flow of heat across all these sections in the 
direction of AC; and further, k is evident that this flow 
of heat will be the same across ail the various sections ; for 
if it were greater across a section near AB than across one 
near CD, ihen the space between these two sections would 
be receiving a greater amount of heat than it is giving out, 
and hence it would be rising in temperature. But by our 
hypothesis all p^rts of the wall have settled down into a 
permanent state with respect to temperature, and thus we 
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see that the flow of heat must be the same across the 
different sections. 

267. In the nest place, the rate of diminution of tern- 
pentture from the one side of the wall to the other will be 
unifonn, for, by last article, the flow of heat is uniform ; now 
the flow of heat depends upon the rate of diminution ; hence 
the temperature of the half-way section will be the mean be- 
tween the temperatures of the two sides. On the same scale 
of temperature as that before used the dotted line EF will 
therefore denote the temperature of this half-way section. 

268. Again, were the difference in temperature l^etween 
the one side and the other double of what it is, it is reason- 
able to suppose that the flow of heat would also be doubled^ 
so that for two walls of the same substance and equal thick- 
ness the flow of beat will be proportional to the difference in 
temperature between the two sides. 

269. If we now suppose the wall in the above figure to be 
isplit up into two equal sections, each half a m^tre thick, by the 
imaginary plane EF, we see that the very same flow of heat 
may be regarded eiiher as taking place across the wall of the 
entire thickness of one mfetre, the difference of temperature 
between the two aides twing i°C, or as taking place across 
the section half a m^tre thick, the difference of temperature 
between the sides being only J^C ; that is to say, the flow of 
heat across a wall one m&tre thick, and with one degree centi- 
grade as the difference in temperature between the sides, is 
the same as that for a wall half a m&tre thick and with one 
half degree centigrade as the difference in temperature be- 
tween the sides, 

This result may be put in the following tabular form : — 





Thicknew Temp, difference be- 
of w»lL tween the iMet. 


How of 
heat 




(A) Onemfetre . . . i°C. . . 
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- 


(B) Onehaffmfetre. . \X. . . 
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But by Art. 268 the flow of heat across a wall one mfelre 
thick, and with one degree centigrade as the difference in 
temperature between the two sides, is double of that across 
a wall of the same thickness with half a degree temperature 
difference. Hence, taking the expression (A) of the pre- 
ceding tabular statement, we may halve the temperature 
difference if we halve also the flow of heat, so that we shall 
have 

ThickoMi Temp, diflerenee b«- Flow of 

of wall. tween the lido. heiL 

(C) One mfetre . . . i'C \ 

Now, by comparing (C) and (B) together, we see at once 
that the flow of heat across a wall one m^tre thick with half 
a degree of temperature difference is only half of that across 
a wall of half the thickness and the same temperature dif- 
ference; or in other words, the flow of heat for the same 
temperature difference is inversely proportional to the thick- 
ness of the wall; and combining this with the result pre- 
viously obtained (Art. z68), we may say that the flow of heat 
varies directly as the temperature difference, and inversely as 
the thickness. This may also be expressed in the following 
manner. Draw the line GD in Fig. 63 parallel to AC, then 
BG and GD represent the temperature difference and thick* 
ness of the wall, and hence — 

Flow of heat varies as-^j^; varies as tan BDG. 

This law has been experimentally verified by M. Peclet. 

270. Definition of oondnctivity. We are now in 
a position to define thermal conductivity. Supposing that 
we have a tvall an unit in thickness, then by the conductivity 
^ ijiis wall we mean tht quantify of heat referred to some con- 
stant unit which passes in an unit of time across an unit of 
Surface of such a wail, the difference of temperature beticeen the 
two sides being an unit of our thermometric scale. To make this 
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still plainer, let us adopt as our unit of heat the quantity 
necessary to raise one kilogramme of water from o°C to i°C, 
and as our units of space, time, and temperature difference, 
let 113 adopt one mfetre, one minute, and one degree centi- 
grade, then will the conductivity of the wall be denoted in 
this case by the number of kilogrammes or fractional parts 
of a kilogramme of ice-cold water, which will be raised in 
temperature one degree centigrade by the heat which passes 
in one minute across one square mfetre of this wall one mfefre 
thick, the difference of temperature between its two sides 
being one degree centigrade. 

If the substance of the wall be changed, so that, while 
other conditions remain the same, twice as much heat passes 
across St in one minute, then we say thM the second sub- 
stance has twice the conductivity of the first 

Let C denote the conductivity of such a wall and F the 
flow of heat across unity of surface in unity of time : then 
if In Fig. 63 we denote oui different units by equal tines, we 
have— 

^= C X ^ - C X tan J J(7= Cx rate of decrement of temperatnre. 

271. Flow of heat along a bar. It is not, however, 
by sucb a wall that we can best ascertain the conductivity of 
a substance; for this purpose it is preferable to employ 
3 bar heated at one end,. The principle by which the con- 
ductivity may be deduced from the temperature conditions 
of such a bar was indicated by Fourier, and has been ap- 
plied with more or less success by various eiperimenters. 
The late Principal Forbes was the first who conducted 
his research in such a manner as to get rid of certain 
theoretical assumptions not strictly accurate, and to leave 
his results to be decided entirely by experiment We shall 
now proceed to describe the course which he pursued in his 
investigation. 
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A lar AB (Figs. 64, 65) is exposed at its extremity A to 
a source of heat of constant temperature : in these experi- 
ments this extreinity was fixed into a vessel lull of molten 
lead. If this bar be snfficienily long, its other extremity B 
will virtually be of the same temperature as. the surrounding 
atmosphere ; that is to say, it will be unaffected by the source 
of heat at A. 

When things have been left for a sufficiently long time, the 
bar will have settled down into a permanent state as regards 




temperature, and in this state there will be a gradual decrease 
of temperature outwards from the extremity A of the bar. 
By practice it was found possible to keep the extremity A of 
the bar at a nearly constant temperature, and it ought to be 
noticed that in this experiment the bar beyond the point 
<^ immersion must be defended by means of screws (Fig. 65) 
from the influence of the source of heat, so that the bar 
beyond A may be heated by conduction of teat, and by 
nothing else. 

By means tA thermometers plunged into small holes 
drilled in the bar, and kept by some fluid metal in metallic 
cxmtact with the bar itself, the temperature of each part of 
the bar was accurately ascertained. An auxiliary bar LM, 
bung in the room sufficiently far from the source of heat, 
served to determine die temperature of the room. Deducting 
this from the temperature of the varions parts of the \xxAB, 
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the difference will represent the excess of temperature of 
each part of AB due to the source of heat at A, and by 
having a sufficient number of thermometers a curve of tem- 
perature DE may be obtained, of which the ordinate AD 
represents the excess of temperature at A, the ordinate CF 
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the excess at C, and so on. At the point E, where this 
curve cuts the bar, there is no excess of temperature ; that is 
10 say, E and all points beyond it are virtually unaffected by 
the source of heat at A. 

273. Now it is clear that heat is constantly flowing 
outwards across any section CC of the bar, but since by 
hypothesis all parts of this bar have attained a constant state 
with respect to temperature, the flow of heat across CC does 
not increase the temperature of the bar beyond CC; what 
then does it do? A little consideration will shew that it is 
all spent in radiation and convection of hot air from the 
heated surface of the bar beyond CC 



CONDUCTION OF HEAT. 269 

' If, therefore, we are able to estimate the value of this 
radiation and convection for each portion of the bar beyond 
C(y, the integral of this effect will represent the flow of heat 
across CC, which, as we have just now seen, is entirelj" 
carried off by radiation and convection. 

373. Suppose that by this means we have been able to 
ascertain the flow of heat across CC. Now let c<? repre- 
sent another cross section of the bar a little (but very little) 
farther off than CC from the source of heat, and let CF 
denote the temperature of the first section, and ^that of the 
second, the difference between these two temperatures is 
therefore ^F, while the distance between the two sections is 
4/^; our units of temperature and length being denoted by 
equal lines. 

Hence if we imagine the sectional area of the bar to be 
denoted by urnQr, according to Art 270, we shall have — 
^F 
Flow of heat across CC - conductivity ^ -r^" conduc- 
W 
tivit? X tan .^I'^ - conductivity x tangent of the angle 
denoting the downward slope of the temperature curve 
at the point F; 
~and hence 

iCC _ (I) 



tan/y* 

274, In this experimental investigation it is therefore 
necessary to determine two things : in the first place, we 
must have the means of drawing a true temperature curve ; 
and secondly, we must be able to estimate the whole loss of 
heat due to radiation and convection united across any section 
CC, since this, as we have seen (Art 272), will represent 
the flow of heat outwards across the same section, 

We have already stated how, in this investigation, the 
curve of temperature was determined by means of thermo- 
meters plunged into small holes in the bar, and we shall 
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now proceed to shew how the amount of heat carried off 
by radiation and convection united across any given cross 
section C(y was detennined. For this purpose a smaller 
but otherwise similar bar LM (Fig. 65) was heated to a 
temperature at least equal to the highest temperature of the 
bar AB. A thermometer P plunged into a small hole in 
the centre of this bar gave the velocity of cooling at Um 
various temperatures of the bar. 

It is clear from what we have already said (Arts. 228, 229) 
that the velocity of cooling of such a bar really denotes the 
rate at which heat is momentarily carried off by radiation and 
convection united from the bar at the various temperatures 
of observation, and a Kale reflection will convince us that by 
making use of these observed velocities of cooling we may 
be able to estimate the amount of heat carried off momen- 
tarily from a!l portions of the amilar bar ABhy radiation 
and convection united, since we know by the curve we have 
drawn the temperatures of the various parts of this bar. 

Having thus estimated the amount of heat carried off by 
convection and radiation united from the surfece of the bar 
AB past any cross section C(y^ we can find at once its 
equivalent or the flow of heat past this same section. 

Knowing therefore this flow of heat, and being able to 
determine by means of the curve of temperatures the tangent 
of the angle denoting the downward slope of the temperature 
curve at any point F, we are aUe at once from the ex- 
pression (i) Art. 273 to determine the conductivity at any 
section CC. 

27s. It will be observed that this process is entirely 
devoid of any theoretical assiunpdon with regard to the laws 
of radiation and convection, and that it may even be em- 
ployed for the purpose of finding whether the conductivity 
of the bar AB varies from one point to another, or whether 
it is co&stant throughout. If this be constant throughout, 
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then the expressions for the conductivity found by the 
process above described for two different sections CC, ffC 
will be the same. On the other hand, if the conductivity b« 
not constant, but vary with the temperature, then the ex- 
pression found for one cross section €C will be different 
from that found for another section G(^, since the tern- 
peratures of these two sections are different 

278. It was mainly with the view of ascertaining whether 
the thermal conductivity of wrought iron varies with the tem- 
perature that Principal Forbes made these experiments, and 
the results obtained by him will be stated in a future para- 
graph. In the meantime, let us state the results obtained by 
other observers for the comparative thermal conductivity of 
the various metals. 

M, Despretz was one of the first to make experiments on 
the subject, his instrument of research being a bar with 
thermometers plunged into it at different intervals from the 
source of heat. After him MM. Wiedemann and Franz 
investigated very carefully the relative conductivity of several 
of the most important metals. They operated with thin bars, 
and the temperature of these bars at the various points was 
ascertained by means of a thermo-electric arrangement. 

Their results are embodied in the following table. 
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We are probably furnished in this table with very good 
determinations of the relative conductivity of these different 
metals. The same remark ought however to be made here 
that was made on a former occasion, when a table of the 
linear dilatations of different metals was given, namely, that 
difference in quality makes probably a very considerable 
difference in condnctivity ; and there is reason to thinlc that 
the relative conductivity of pure copper is considerably 
greater than that here given. This table gives however only 
the relative conductivity, and to complete our information 
we require to know the absolute conductivity of some one 
metal. One or two observations of absolute conductivity 
have been made. M. Peclet has determined the absolute 
conductivity of lead by finding how much heat was conveyed 
across a plate of this substance whose two sides were kept 
at unequal temperatures. 

Principal Forbes, in connexion with the experiments 
already described, has likewise determined the absolute con-> 
ductivity of wrought iron. In his experiments conductivity 
was expressed in tenns of the amount of heat as unity which 
is required to raise the temperature of one cubic foot of 
water by one degree centigrade. He expresses the amount 
of he&t reckoned in such units which would traverse in one 
minute across an area of one square foot a plate of iron one 
foot thick with the two surfikces maintained at temperatures 
differing by 1° centigrade. According to these experiments, 
the conductivity at 0° centigrade of one of his bars was 
•01337, while that of another bar was only -00992. This 
discordance was probably due to a difference in the quality 
of the iron of the two bars. 

377. Ysriation of fhennal ot^ductivitr 'with tern- 

peratore. We have already mentioned that the main object 

of Principal Forbes in his research was to ascertain if the 

conductivity of an iron bar varies with its temperature. The 

,.,.,, Coogic 



CONBUCTION OF HEAT. 273 

method employed has already been described ; it only now 
remains to mention the results. There were two square 
bars; the side of one being i^ in., while that of the other 
was I in. 

The following table exhibits the thermal conductivity of 
these bars at the various temperatures of experiment. 
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i5» 
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It thus appears that in each case the conductivity dimin- 
ishes as the temperature increases, the percentage decrement 
of conductivity between 0° and loo'^C being a4^S for the 
large and i5^9 for the small bar of iron. , 

278. Similarity of bodies as regards their thermal 
and eleotrio oonduotiTity. Forbes was the first to shew 
that metals follow each other in the same order as conductors 
whether of heat or of electricity. 

The following table, confirming this remark, was drawn 
up by MM. Wiedemann and Franz when they were engaged 
in determining the thermal conductivity of metals. 
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This similarity between bodies as regards their thermal 
and electric conductivities does not extend except in the case 
of iron to the decrement which their conductivity suffers when 
their temperature is increased. 

In Art. i68 the decrement of the electric conductivity of 
iron between o" and ioo°C as determined by Matthiessen and 
Von Bose was found to be 38-26 per cent., while for the same 
metal and between the same limits of temperature Forbes, as 
we have just seen, has found a decrement of 24-5 and 15-51 
per cent, in the thermal conductivity of his iron bars. The 
numerical value of the decrement for heat is thus considerably, 
smaller than that obtained by Matthiessen for electricity. 

Very recently Tail (Trans. R. S. E., March 18, 1878), has 
continued Forbes' experiments and obtained the following 
remarkable results. 

J. The thermal conductivity of iron diminishes as its tem- 
perature is raised. 

2. At temperatures above isoX the diminution of con- 
ductivity of iron is less rapid than that assigned by Forbes. 
The conductivity seems to reach a minimum somewhere 
about red-heaL 

3. The thermal conductivity of copper and lead changes 
much less than that of iron with rise of temperature, and 
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probably in the sense of increase instead of diminution. The 
same is true of German silver. 

4. Electrically bad copper conducts heat worse than 
electrically good copper, but not in the same ratio. 

5. The metals examined have the same order as con- 
ductors of heat and of electricity. The alloy (German silver) 
violates this arrangement. 

279. Dii&renoe between ttUBsaiiaaon of heat, and 
traiumiaBioD of temperature. If the definition o£ thermal 
conductivity be considered, it will be found Ihat it lakes 
account of the quantity of heat referred to seme unit which 
passes across a substance in unit of time. 

Suppose now that we have two bars of different substances, 
but precisely of the same conductivity, and also of tbs same 
shape and surface covering, and that we heat the ends of both 
to the same extent. If we allow a sufficiently long tio^e to 
elapse, we shall no doubt find the distribution of temperature 
in both bars to be the same. But if we examine them both at 
the end of a short time, such as a minute, it does not follow 
that at the distance, s^, tif cuie inch from the heated end, they 
will both have the same temperature. The two eases arc very 
different In the former, the bar has attained a permanent 
temperature condition, and the flow rfheat outwards is entirely 
spent in radiation and convection. If therefore two such bars 
of equal conductivity be coated with the same substance, so 
that their external surface is the same, then both bars will be 
similarly affected by radiation and convection. Referring 
therefore to previous articles, there is evidently no reason why 
any of the elements should be different in the two bars, 
Poth will therefore have the saihe curve of temperature. 

But in the second case, when we only allow a minute to 

elapse, the state of things is very different. Here the particles 

of the bar are in the act of rising in temperature; a great 

portion of the flow of heat is therefore spent in increasing 

T2 I ^ .(..".ooglc 
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the temperature of the bar. Now it may take much more 
heat to raise a given slice of the one bar one degree in 
temperature than it will take to raise a similar portion of the 
other, , 

The following experiment in illustration of this has been 
made by Professor Tyndall, Take two precisely similar 
prisma, one of bismuth and one of iron, and coat the ends 
of each with while wax, and place them with their coated 
ends upwards on the lid of a hot vessel. The wax will first 
melt on the bismuth, although by the table of Art. 278 it will 
be seen that iron is the best conductor. The reason of this 
is, that it requires more heat to raise the iron one degree in 
temperature than it does to raise the bismuth. 

280. Safety-lamp. The present is perhaps the best 
opportunity of alluding to the safety-lamp, the action of 
which depends to a great extent on the withdrawal of heat 
by wire gauze. 

If a surface of wire gauze be lowered into the flame of 
a jet of gas, it will seem to crush the flame down before it so 
that none will appear above. But if while the gauze is held 
in this position the flame be extinguished, and then the gaS 
ignited above the gauze, in this case there will t>e no flame 
below. It would thus appear that the flame cannot pass 
through the gauze ; and the reason is that the heat of the 
flame is transferred in a great measure to the mass of metal 
which is placed upon it, by which means the temperature 
is so much lowered that combusiion is stopped. 

An ingenious and useful application of this principle was 
devised by Sir Humphry Davy. He found by eicperiment 
that a lamp surrounded by wire gauze might burn in an 
atmosphere of explosive gas without communicating sufficient 
heat through the meshes of the gauze to produce explosion, so 
that a miner furnished with a lamp of this kind, and using it 
with proper care, will be secure from the action of fire-damp. 

.:. ,t.;OOglc 
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Quite recently it has been shewn by Mr. Galloway that a 
violent esternal explosion destroys the aotion of the safety* 
lamp and forces the flame to pass through the gauze. 

COKDUcnVITY OF NoN-HoMOGRNKOUS SOLIDS 

AND OF Crystals. 

281. Owing to their want of continuity, powders and 
tissues, such as wool, fur, feathers, &'c., are very bad con- 
ductors of heat. The heat has in its course to pass so 
often from the substance' into the air, and frcun the air back 
again into the substance, that its progress is extremely slow. 

In substances which possess a fibre, the conducting power 
for heat in a direction across the fibre is generally different 
from what it is in the direction of the fibre. 

MM. De la Rive andDe Candolle were the first- to remark 
this property in the case of wood, in which they found that 
the conductivity was greater along the fibre than across it, 
and this result has been confirmed by Professor Tyndall. 
It has also been found by MM, Svanberg and Matteucci 
that bismuth conducts both heat and electricity better along 
ihe planes of cleavage than across them. 

We are chiefly indebted to De Senannont for our know- 
ledge of the conduction of heat in crystals. He cut thin 
slices in different directions out of crystals, and piercing their 
thickness by small holes in the centre, he passed a wire 
through them along which a constant electric current was 
made to pass ; the wire thus became very hoi, and the heat 
was conducted on all sides of the hole. The slice of crystal 
was coated with wax, and the result of the heating of the 
crystal by means of the wire was a general melting of the 
wax all,roiind the wire. If the substance was of equal con- 
ductivity in all directions then the' wax melted in a circle, 
but if the conductivity was unequal it melted in an ellipse. 
,.: .t.oogi? 
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The border of the melted portion represented by this method 
an isosthermal line or curve possessing the same temperature 
throughout, this temperature being that of melting wax, De 
Senarmont thus determined that in quartz and calc-spar the 
axis of symmetry is the direction of greatest conductivity, 
while for a plate cut in a plane perpendicular to the axis of 
symmetry the conductivity is equal in all directions. 

A cryst^ of idocrase, however, conducts best at right 
angles to its axis. De Senarmont has obtained the fol- 
lowing laws : — 

1. If we eouid imagine a crystal of the first system, swh 
as rock lait or fiuor spar, to be heated in a point in its centre, 
the isothermal surface would be a sphere, or the conductivity 
will he equal in all directions. 

2. If the crystal be of the second or third system, (sym- 
metrical afound one axis,) then the isothermal swfaces of such 
a crystal, heated inlemalty at a point, would be spheroids, the 
axis being in the direction of the axis of symmetry. 

3. But if the crystal be of the system characterised by three 
unequal axes, then the isothermal surfaces are ellipsoids with 
three unequal axes. 

COSDUCTIVITY OF FLUmS. 

282. The conductivity of liquids may be determined in 
the following manner. In Fig. 66 let there be a vessel 
of water in which we place a differential thermometer, one 
bulb being near the surface and one hear the bottom. Now 
place a vessel containing boiling water or boiling oil on the 
surface, and it will be found that the heat from this vessel wilt 
penetrate downwards very slowly, so that for a long time the 
differential thermometer will scarcely be affected. Water is 
thus proved to be a very bad conductor of heat. If we wish 
to try mercury, let the vessel of Fig. 13 be filled with mer- 
cury, and let a little alcohol on the surface be set on fire. 
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It will be found that the thermometer will soon begin to rise, 
thereby shewing that mercury is a much better conductoi 
than water. 

Professor Guthrie has recently endeavoured to determine 
the thermal resistance of various liquids. The essential part 
of his apparatus consisted of two 
hollow cones, the first of which 
was erect and the second inverted 
so that the bases of the two might 
be brought together. In his ex- 
periments a film of the liquid to 
be examined was made to lie be- 
tween these bases, its upper sur- 
fece being in contact with the 
base of the first cone and its under 
surface with that of the second. 
The cones were of brass, but their „. ^ 

bases consisted of perfectly flat 

sheets of platinum. A current of hot water of known tem- 
perature was carried through the first or upper cone, white, 
on the other hand, the second or under cone was used as 
an air thermometer. 

The experiment was performed in the following manner. 
In the first place the two cones were brought into actual 
contact, and the effect upon the lower cone or air ther- 
mometer of the heating agent introduced into the upper 
cone was noted. Other things remaining the same a liquid 
film of known thickness was then introduced between the 
two cones, and the effect upon the under cone or air thermo- 
meter noted as before — the difference between the two effects 
was taken as a measure of the thermal resistance ofthehquid. 
By such means, using liquid films 1 millimetre in thickness 
and a temperature difference of lo^C, the following results 
were obtained. . 
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Ihermil reiirtiace. 

Water i* 

Glycerine 3^4 

Acetic acid (g]»ckl) 8.38 

Spemoil 8-85 

Alcohol ■ 909 
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Amylic alcohol ... lo-ij 

Chloroform imo 

Bichloride of carbon la-gj 
Mercury amyl 11-91 


Butyl ic alcohol ... lo-oo 





In the next chapter it will be shewn that in liquids heat 
is communicated more by convection than by conduction. 
It is believed that the conductivity of gases is, like that of 
liquids, extremely small; but this is a subject of wbich little 
is known experimentally, the difficulties being very great. 



CHAPTER VIII. 

Conveciion of Heat. 
Convection in Liquids. 



283. It was stated in the last chapter that liquids, such 
as water, are very bad conductors of heat, and an experi- 
ment was described in which a vessel of water was heated 
cm the upper surface— the effect travelling downwards very 
slowly. 

The heating of the water would however have been greatly 
hastened if the vessel had been heated from below instead 
of at the top, and the difference between the result in the 
two cases is due to a process termed Convection, which we 
shall now describe. As the lower strata of water in such 
a vessel .become heated the particles expand, and thus 
become specifically lighter than those above them. Con- 
sequently they rise to the top, and are replaced by colder 
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particles descending from above, for the same reason 
that a cork rises to the surface of the water, or a batloon 
rises in the air. By introducing a little colouring matter, 
such as ff^ments of cochineal, the course of these currents 
may be observed, and it will be found that there is a central 
current ascending from below and side currents descending 
from above, after the manner of Fig. 67. In the Geysers of 
Iceland, which are large lubes of water heated from below, 
we have a natural instance of convection on a very large 
scale; and travellers relate that a small piece of paper 
thrown into the centre of the pipe is drawn to the side, and 
thence carried downwards by the descending current. 

Another very good instance of the operation of convection 
is that described in Article 99, from which we see that the 
surface particles of a 
lake cooled at the top 
become specifically 
heavier, and descend 
until the whole body 
of water has attained 
the temperature sg^-a 
Fahrenheit, this being 
the point of 'maxi- 
mum density of water. 
When the whole lake 
has attained (his tem- 
perature the process 
of convection is at 



an end ; and if the 



Fig. 67. 



surface particles be 

cooled still further, they become lighter, not heavier; and 

instead of descending, remain at the top. 

284. It will thus be observed that convection depends 
upon two things. In the first place, it depends upon the 
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extent to which the liquid expands under heat; thus, for 
instance, if a body hardly expanded at all its convection 
would be very feeble. In ihe second place, convection 
depends upon the force of gravity. Were there no gravity 
there would be no convection ; indeed the very term sptci- 
ficalfy heavier has a reference to gravity: so that if this force 
did not esist the effect of the heating would always be the 
same whatever was the part of the vessel to which the heat 
was applied. 

Convection in Gases. 

086. Convection fakes place in air and gases even more 
energetically than in fluids, the coefficient of expansion of 
a gas on account of heat being comparatively great Many 
familiar instances might be mentioned in illustration of the 
convection of air : thus, the air heated by a fire, beinglighter 
than that around it, rises upwards, sometimes carrying with 
it small particles of solid matter, which become visible in 
the form of smoke. Even where there is no opaque matter 
mixed with the air, the currents which form convection are 
rendered visible in another way. As air expands, its index 
of refraction becomes less, and the result of this is an 
apparent unsteadiness and indistinctness in objects viewed 
through healed air, which may be noticed above a lime-kiln, 
or in Ihe air near the ground on a very hot day. 

286. Trade winds, &o. In nature we have convection 
of air on a very large scale. The air of the equatorial zone 
expands under the powerful influence of a vertical sun, and, 
becoming lighter, ascends, while its place is supplied by cold 
air from the regions north and south of the equator. Let us 
confine our attention to the northern hemisphere, and con- 
sider the air which rushes south to supply the place of the 
air carried upwards in the equatorial regions. 
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The earth, it is well known, revolves from west to east : the 
body of air therefore which approaches the equator from the 
north comes from a place of smaller to a place of greater 
velocity of roialion, it therefore lags hehind, or in other 
words, appears to go towards the west ; this current of air 
will therefore not blow directly from the north, but will 
rather be a current from the nonh-east. In like manner 
the cold air from the southern hemisphere blowing towards 
the equator will form a current from the south-east. These 
two currents blowing towards the equator in the two hemi- 
spheres are called the two Trade Winds. 

Having thus considered the cold winds which come to 
replace the air CEuried upwards at the equator, let us now 
endeavour to trace the course of this equatorial air. When 
it has mounted to the upper regions of the atmosphere it 
proceeds northwards and southwards towards the poles; and, 
going from a region of greater to a region of less velocity 
of rotation, it gains upon the earth, or in other words, goes 
eastward. Could we ascend into the upper regions of the 
atmosphere at the equator, we should there find currents 
blowing from the south-west in the northern hemisphere, 
and from the north-west in the southern. These winds are 
called the Return-Tradis, their direction being opposite to 
that of the trade winds. 

At the equator this remrn current is very high, so that even 
the summits of the Andes are probably beneath it. Volcanic 
explosions have however sometimes occurred in these regions 
with sufficient force to drive ashes up into the return current, 
which, when tbey regained the earth at a considerable dis- 
tance off, told by the course they had taken the direction in 
which the upper strata of air were moving. 

As the return current proceeds north it gradually de- 
scends. At Teneriffe it has already fallen below the summit 
of the mountain, and it reaches the earth at about our own 
,.,.,, t.ooglc 
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latitude; so that the south-west wind is perhaps more 
prevalent than any other in the British Islea : on the other 
hand, we are also often exposed to the trade wind in the 
form of a cold wind blowing from the north-east 

The land and sea breezes are probably produced by 
similar causes. During the day the land is more heated than 
the sea, and a vertical current is produced, carrying upwards 
the land air, which is replaced by air from the sea — this is 
the sea breeze. But after sunset the land cools more rapidiy 
than the sea, and the cooled, and therefore heavier, land air 
moves seawards, thus producing the land irteze. 

Bearing in mind what has now been stated, it is natural to 
suppose that convection currents should be very powerful in 
the atmosphere of our luminary. For, in the first place, the 
changes of temperature occurring there are no doubt very 
great, in the second place the force of gravity is very intense, 
and lastly the' expansion of gas through heat is very great. 
It is not therefore surprising (hat Lockyer should have ob- 
served on the solar disk traces of motions exceeding one 
hundred miles per second. 

387. I>av of cooling due to a gas. It has been 
already shewn (Art. 229) that a body placed in vacuo and 
surrounded by an enclosure of lower temperature than itself 
will gradually lose heat. If the body be surrounded not by 
a vacuum but by gas, it will lose heat more rapidly than in 
vacuo, and the difference between its velocity of cooling in 
the two cases is due to the presence of the gas. Thus the 
whole velocity of cooling of a body in air or gas is due 
partly to radiation and partly to the gas, but it is only the 
latter cause with which we are at present concerned. The 
velocity of cooling due to gas, or, which is the same thing, 
the amount of heat carried off momentarily from a body by 
gas, was investigated by MM. Dulong and Petit at the time 
when they also ascertained the law of cooling in vacuo. 

,.,.,, Coogk- 
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This research was very troublesome; for the tem- 
perature of the thermometer, and the density, temperature, 
and chemical nature of the gas, had all to be varied before 
the exact law could be aacertained. The following results 
were obl^ned by these experimenters. 

1. The velocity of coolit^ dui to the sole contact of a gas 
is entirely independent of the nature of the surface of the botfy. 
Sir J. Leslie was probably the first to make this remark in a 
general way, and the truth of his remark has been well con- 
firmed by the accurate experiments we are now describing. 
Thus, as far as gas or air is concerned, a silvered thermo- 
meter will cool just as rapidly as a blackened one ; but as 
far as radiation is concerned, it will cool less rapidly than 
a blackened one. 

a. The velocify if cooling due solefy to the con/act of a gas is 
Proportional to the excess of temperature raised to the pffwer 
1.233. From this law also we see the dilTerence between 
cooling in vacuo and the cooling due to a gas. In vacuo 
the effect for the same excess of temperature of the ther- 
mometer above the enclosure varies also with the tem- 
perature of the enclosure (Art. 231), whereas in the case 
of a gas, the effect depends only on the excess of tem- 
perature. 

3. The cooling power of a given gas and for a given excess 
of temperature depends not on the density bul on Ike pressure 
of the gas. The following expressions give the relation 
between the velocity of cooling and the pressure {p) for the 
different gases, the excess of temperature being supposed 
constant throughout : — 

For atmospheric air the velocity of cooling varies as p*', 

for hydrogen /■", 

for carbonic acid /*", 

for olefiant gas .. ... /■°°". 
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Combining this last law with the previous ones we see that 
the expression for the velocity of cooling due to a gas will 
have the following form — 

Velocity of cooMng = mp't^-^ ; 
where m is a constant, depending partly on the dimensions 
of the body and partly on the nature of the gas ; / is the 
pressure expressed in millimetres ; o is an index which we 
have given above for four difterent gases; and / is the ex- 
cess of temperature in centigrade degrees. 

In order lo express the cooling power of a gas in absolute 
units we must refer once more to a research of Mr, Hopkins 
already quoted (Art. 235). Let C denote the quantity of 
heat which would be carried off by a gas in one minute 
from a square foot of any kind 0/ surface fC above the 
surrounding gas, of which the pressure, expressed in milli- 
mfetres, is p, the imit of heat being that amount of heat 
which would raise the temperature of 1000 grains of distilled 
water i^C ; then 

C = -037a(-— 1 Z-*^ for atmospheric air. 

Combining this determination with the researches of Dulong 
and Petit, we find 

C = -1288 (-^) /"-"'for hydrogen, 

C - -0350 { —\ z'™' for carbonic acid, 

C = -0497 (— ^ /'■"' for olefiant gas. 

Examph. Let it be required to find the whole amount of 
heat due to convection and radiation united which leaves a 
square foot of surface of dry chalk in one minute, the tem- 
perature being 5o°C, while that of the surrounding enclosure 
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is nXj the enclosure being' filled wiih hydrogen of the 
pressure of 760 millimetres. By reference to Art. 235 
we find the whole expression for loss of heat in this case 
to be 



'■720-' 

e &- n, i+ff- 50, a- 1-0077, "'S ^^^^ 



r=je + C = 8-6i3o*(a'-i) + -i288(i^) /»■"' 



- I3-958- 
It ought however to be borne in mind that all these for- 
mulse are to a great extent empirical, representing the ex- 
periments made, and useful in so far as they enable us to 
calculate approximately the loss of heat due to radiation 
and convection in any case in which all the particulars are 
given. 



CHAPTER IX. 

Specific Heat. 

aS8. In order to arrive at a complete knowledge of the 
laws which regulate the distribution of heat through space, 
we must be able to measure the amount of heat which a 
body absorbs, or parts with, when its temperature is changed 
to a given extent, and also when it changes its state. To 
do this it is necessary to adopt some unit of heat, and we 
shall use in this work as out thermal unit the quanlily of 
heat necessary to raise one kilogramme of water from 0° 
to I'^C. 

In the present chapter we shall treat of the amount of 
heat which a body absorbs, or gives out, when its temperature 
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rises or falls tp a given extent. This is called specific heat, 
ind we define the specific heat of a given substance to be 
the quantity of heat necessary to raise one kilogramme of 
the substance i°C in terms of that necessary to raise one 
kilogramme of ice-cold water i^C reckoned as unity. Thus, 
if a kilogram.me of any substance required as much heat to 
raise it from ioo° to roi°C as would raise three-tenths of 
a kilogramme of water tirom o° to i°C, then we should say 
that the specific heal of this substance at this" temperature 
was 0-3. 

Methods of Measuring Specific Heat. 

288. I. Method by mixtore. Three different methods 
of measuring the specific heat of substances have been pro- 
posed. They are known as (i) the method by mixture, 
(2) the method by fusing ice, and (3) the method by cooling. 
In the first of these, or the method of mixtures, the ex- 
periment is made in the following manner. Take a known 
weight of the substance of n hich the specific heat is desired, 
and heat it to a known temperature, then mix it rapidly with 
a known weight of water at an inferior temperature (say at 
©■^C), and notice the temperature of the mixture. If we are 
at liberty lo suppose that none of the heat has been otherwise 
disposed of, we have at once all the means of determining 
the specific heat of the substance in question. Thus, let 
X denote the unknown specific heat of the substance, and 
let ffl be its mass, and / its temperature ; also let M be the 
mass of water at o°C with which it is mixed, and let be 
the temperature of the mixture. Then the quantity of heat 
lost by the substance will be mx{l—ff), while that gained by 
the water will be M9. Since the whole quantity of heat 
remains the same, the one of these expressions must equal 
the other. Hence mx{t—6) = M6, from which x may be 
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easily found. As an esample of this method, supposing 
that 3 kilogrs. of mercurj^ at loo^C have been mixed with 
I kilogr. of ice-cold water, and Ihat the temperature of the 
mixture is 9°C, what is the specific heat of mercury ? Here 
we have »« = 3, = 9, 1—6= 100—9 = 91 : hence 

3^x91=9; .-. jp - -^ " -033 nearly : 

so that the specific heat of mercury is only ^'Ai of that of 
water. 

In this process it is assumed that the specific heat of 
mercury is constant betweeu 100° [and g'^C, or rather it is 
the mean specific heat between this rang;e that is determined 
by the experiment. 

A serious objection to this method consists in the un- 
avoidable, loss of heat which is likewise incapable of accurate 
measurement. For in the example given above the heat of 
the mercury is not all confined to the mixture, but part of it 
is spent ; 

1. In warming the vessel which contains the mixture, 

2. In warming the agitator and thermometer, 

3. In dissipation from the sides of the vessel ; 

and unless we have the means of estimating exactly the loss 
of heat from all these sources we shall not be able to obtain 
a good result. 

390. II. Method by fusion of ioe. The second 
method of measuring specific heat is by the fusion of ice. 
In this method we have an Inner vessel A (Fig. 68) which 
contains the substance on which the experiment is made. 
This vessel is placed in the interior of a larger vessel B, the 
space between them being filled with melting ice. The 
vessel B, again, is in the interior of a still larger vessel C, 
the space between them being, s^ain, filled as before with 
melting ice. 

Since the exterior of the vessel .^ is at the, temperature 
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o'^C, we may im^ine that the ice in this vessel will only 
melt through means of the hot substance which is placed 
in A. If therefore we know not 
only the weight but the tempera- 
ture of the substance in A, and 
also the quantity of ice which has 
been converted into water in con- 
sequence of this hot substance 
parting with its heat, we have the 
means of finding the specific heat 
of the substance in ^. A stop- 
cock connected with B serves to 
carry off the water formed through 
p. , melting of the ice, and hence, by 

weighing this water, we know ap- 
proximately the quantity of ice melted in B, and if we know 
the quantity of heat necessary to convert ice into water we 
. can find the heat given out by the 

I substance in A. The chief objection 

^_j fl to 'his instrument is that we cannot 

^~J measure accurately the amount of 

I water produced, since a certain amount 

remains adhering to the ice. 

Professor R. Bunsen (Phil. Mag, 
March, 1871) has devised a modifi- 
cation of Che ice calorimeter for the 
purpose of measuring the specific 
— « heat of substances which can only be 
procured in small quantities. 

It consists of an inner glass vessel 
a fused into a larger cylindrical ves- 
sel ^ as in Fig. 69. From the vessel b 
proceeds the tube e, to the termination of which the iron 
collar d is fastened. The inner vessel a is filled from a 
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to ^, as also the outer vessel h from ^ to X, with water from 
which all the air has been removed by boiling; the re- 
mainder of the vessel i up to the level y is filled with boiled 
mercury. 

Before using the instrument it is necessary to obtain a 
cylinder of ice in the vessel i so as completely to surround 
the vessel a, and for this purpose the whole apparatus is 
placed in a large vessel and surrounded with pure snow. 
When this operation is complete the scale-tube s, fitted 
accurately into the cork with fine sealing-wax, is then passed 
through the mercury in the collar d and made fast in the 
mouth of the tube c so that it (the scale-tube) becomes filled 
with mercury. 

Our object being to ascertain the amount of heat which 
a small body gives up when cooled from its ordinary tem- 
perature to o°C, let this body be dropped into the water 
contained in the vessel a, which is then closed with a cork 
at 8 to prevent change of air. It is clear that all the heat 
which this body gives up is employed to melt ice. For the 
weight of the body 13 so small compared with that of the 
ice-cold water into which it is plunged, that the temperature 
of the latter never reaches i^C, the heated water will there- 
fore be specifically heavier than that above it and will remain 
at the bottom. Thus none of its heat will be carried away 
by convection, and we may neglect that carried away by the 
conducting power of the water above it, this being very 
small. In fine, all the heat will go to melt ice in the vessel 
b ; this melting will again cause a diminution of volume, and 
this in its turn will be indicated by the motion of the 
■ mercurial column in the scale tube r. 

As the experimental difficulties in using this calorimeter 
are considerable, the writer of this volume has suggested a 
modification of it which appears to answer well. In this the 
inner vessel a is still retained and used with water, but instead 
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of being fused into an outer vessel that is filled mth ice 
it is fused into a large thermometer bulb after the manner 
of Favre and Silbennann, so that while the inside of a 
contains water its outside is in contact with the mercury 
of the thermometer. The whole bulb is then enclosed in a 
copper envelope which surrounds without touching it, and 
this envelope is kept at the temperature of o^C by being 
surrounded by melting ice. The temperature of the large 
thermometer is recorded on a very open scale, so that a very 
small rise can easily be measured. 

The experiment is conducted in the following manner ; 

The substance the specific heat of which we wish to deter- 
mine is dropped as before into the water of the tube 'a, which 
is ice-cold to begin with. The heal is then rapidly com- 
municated first to the water and from it to the mercury of 
the thermometer which surrounds the tube, and the rise of 
this thermometer is recorded on the stem. 

A slight correction has to be made for the heat which is 
given out during the progress of the experiment by the (now) 
heated thermometer to the copper sphere which surrounds it, 
but this is easily obtained, and thus the instrument gives us 
a ready and accurate method of determining the relative 
specific heats of such substances as can only be procured in 
small quantity. 

391. in. Uethod by cooling. The third means of 
estimating specific heat is by the method of cooling. If 
two substances be exposed to the same cooling influence 
it is manifest that the one which has the smallest specific 
heat will cool fastest. Thus, suppose that we have two 
thermometers with blackened bulbs of precisely the same 
Kze, the one being filled with mercury and the other with 
water ; further, let these instruments both cool from a com- 
mon temperature under precisely the same circumstances. 
It will be found that the mercurial thermometer will cool 
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more than twice as fast as the water one. For although 
the weight of the mercury is more than thirteen times that 
of the water, yet the specific heat of mercury is only one 
thirtieth of that of water, and hence, while the same amount 
of heat leaves both instruments in one minute, yet this heat 
will produce on the water thermometer only thirteen thirtieths 
of that diminution of temperature which it produces on the 
mercurial one. The idea of measuring the specific heat of 
bodies first originated with Black, who was also the dis- 
coverer of latent heat ; and many numerous and important 
experiments have since been made on this subject by a 
number of observers. 

Specific Heat op Solids. 

292, Some of the latest experiments in this branch of 
the subject have been made by Regnault, who used the 
method of cooling. In these experiments the substance was 
reduced to a fine powder and enclosed along with a delicate 
thennometer in a vessel which was exposed to the cooling 
influence. Although every precaution was used, the result 
of this process was not satisfactory ; one objection was that 
the heat was not conducted sufficiently fast from the powder 
to the sides of the vessel which contained it. Another is 
that the specific heat of the same substance in the solid 
state depends to some extent on the mechanical treatment 
which it has received. Regnault has also investigated the 
specific heat of various solid substances by the method of 
mixtures. 

293. Riso of apooiflo heat of solids witli tempera- 
tare. It was first shewn by the experiments of Dulong and 
Petit that the specific heat of a solid is greater at a high tem- 
perature than at a low one. The following table embodies 
the results of these experiments. , - , 



SPECIFIC 


HEAT. 




1 Mean Specific Htal. 


Btlw«iio°.iid 




0.1098 




o-iiiS 






0.101S 








! 00557 






I 0.0949 






1 0-03S5 




0-0355 


: 0.1770 




0-1990 



Zinc 

Antimony . . 

PlatiDum .. 

Glass 



It will be noticed that for all the substances in the alx>ve 
table the specific heat is greater at high temperatures, with 
the exception of platinum, for which the specific heat 
remains the same between the hmits of the experiment. 
Probably the reason of this is that the highest temperature 
of experiment was very much below the melting-point of this 
metal, and it has been found by Regnault that the variation 
of specific heat with temperature is much more rapid when 
the substance approaches its melting-point, M. Pouiilet, by 
means of the method of mixtures, has obtained the specific 
heat of platinum at still higher temperatures. His results 
are as follows— 



Mon Specific Heat of Platiaum. -P^J- 

Betwcen 0° and tooX o-033S ,, t 

"> ., 300 00343 " * 



■ 0.0373 



% 



The constancy of the specific heat of platinum renders 
this metal serviceable as a pyrometer, and a piece of pla- 
tinum may be used for estimating the temperature of a 
furnace. When it has attained the temperature of the 
furnace it is taken out and plunged into a known quantity 
of ice-cold water. By means of the rise of temperature 
,,.:,Cooglc 
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produced it is easy to calculate approximately the tempera- 
ture of the platinum, and hence of the furnace. 

294. Circiunstanoefl which influence the speoiflo 
heat of solids. The specific heat of a solid has been 
found to depend on the mode of aggregation of its mole- 
cules and on the nature of the mechanical action to which 
it has been subjected. In general whatever at^mmts the 
density diminishes the specific heat, and whatever diminishes the 
density augments the specific heat; and it is perhaps owing to 
expansion thai the specific heat of a body increases with its 
temperature. The more carbon is divided the greater is its 
specific heat. The following table exhibits the specific heat, 
in their different stages of aggregation, of carbonate of lime, 
sulphur, and carbon. 



CtihotMc nf Lime. 

Aragonite oioS; 

Iceland spir o 1085 

Chalk 0.J148 

White marble csiigS 



Sulphur, 

Recently melted 0-1844 

Melted less than 3 months 0-1803 
Melted less than 1 years ..0-1764 
Natnral crystals 0-1776 



Animal charcoal 0-1608 

Wood charcoal 0-3415 

Coke o-iooS 

Graphite o-joiS 

"- -^ 0-I46S 



Specific Heat of Liquids. 

29B. Regnault has determined the specific heat of 3 ntrni- 
ber of liquids by the following method. The liquid under 
experiment is contained in a reservoir R {Fig- 70) which is 
immersed in the middle of a bath, and by agitating the water 
of this bath a definite temperature is commupicated ,to the 
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liquid in R. By opening the stop-cock at r, and bringing to 
bear at the same time an atmospheric pressure upon the 
liquid, it is driven through the tubes at r into a vessel con- 
tained in the calorimeter C. Having entered the calori- 
meter, and having disposed of its surplus heat, the tempera- 
ture of the water of the calorimeter is observed by means of 
the thermometer T, and this affords the means of estimating 



Fig. 70. 

the specific heat of the liquid. The calorimeter is defended 
by means of a screen P from the heat of R. 

Generally speaking a suhslance when liquid has a greater 
specific heal than when solid, a fact which was discovered by 
Irvine, Thus the specific heat of ice is only one-half that of 

286. Variatdon with temperature of the speciflo 
heat of liquids. The specific heat of liquids increases in 
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general with the temperature, and at a rate exceeding that of 
solids. Thus bromine has between — 6° and 10*^0 the mean 
specific heat 0T0513, while between 13° and 58° it has the 
mean specific heat 0-11294. 

The specific heat of water at various temperatures has 
been especially studied by Regnault, who has obtained the 
following result. 

Mean Sptcifii He»t of Water. /^3,>:- >^ 

rTomo''to 40°C l-ooij 

.. o „ 80 1-0031; f"j ^ "'' 

„ o „ 120 1.0067 "* ol, ■ "■» 

„ o „ 160 10109 \, y^*^ . « c 

„ o , 200 i-oi6a " 

„ o I, 130 i-oao4 ^^ ° '' 

It was formerly thought that the specific heat of water 
was greater than that of any other liquid, but from a recent 
research of Messrs. Dupr^ and Page {Trans. R. S. 1869) 
there is reason to think that the specific heat of a tnixture of 
alcohol and water in which there is ao per cent, of alcohol is 
as high as 105, that of water being 100. 



Spectfic Heat of Gases. 

297. In this branch of our subject there are two sets of 
determinations to be made. We must find, in the first place, 
the specific heat of gas under constant pressure ; and in the 
second place, the specific heat of gas under constant volume, 
In a future part of this work it will be shewn how these two 
are connected together. 

Many experimentalists have been engaged in these deter- 
minations. Before the time of Regnault one of the most 
exact researches was that of Delaroche and B^rard, which 
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was crowned by the Academj' of Sciences. These expert, 
mentalists produced a current of gas of uniform velocity 
which was first healed to loo^'C by being passed through 
lubes enveloped in boiling water, and was then cooled in ils 
passage through a calorimeter, to which it abandoned its 
excess of heat. It ought likewise to be mentioned that 
Joule made an accurate determination of the specific heat 
of air. 

After many years' trials Regnault finally adopted a modi- 
fication of the method of Delaroche and B^rard. 

His apparatus was constructed so as to lulfil the following 
requirements — 

1. To obtain a gaseous current of constant velocity, which 
velocity might also be regulated at will. 

2. By means of a bath to give a determinate temperature 
to the gaseous current. 

3. To construct a calorimeter in which the gas would 
entirely dispose of its excess of heal. 

In order to obtain a gaseous current of constant velocity 
the following arrangement was adopted. The gas, after being 
dried and purified, was forced into a large reservoir R 
(Fig. 71) of 35 litres capacity. A manometer attached to 
the reservoir at m indicated the pressure of the gas.- The 
reservoir was surrounded by a large mass of water agitated 
by means of an annular plate a. The gas would thus lake the 
temperature of this water — this temperature being denoted 
by the thermometer T. Suppose, in the first place, that the 
reservoir is filled with gas, and that the stop-cock I is shut. 
Opening now the stop-cock at / this gas will escape through 
the tube shewn in the figure, passing spirally through an 
arrangement at S, by which a certain high temperature is 
given to it, then parting with this excess of heat to a calori- 
meter at C, and ultimately escaping (say) into the air. At 
■nd of the experiment suppose that the stop-cock at / is 
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once more shut. Knowing the pressure and temperature of 
the gas in R at the beginning and end of the experiment, if 
the chemical constitution of the gas be known, and if it obeys 
Boyle's law, the weight of gas passed through the calorimeter 
will be known. If Boyle's law do not hold, it is yet possible, 
though with more difficulty, to ascertain the weight of gas 
used, but into the details of the method of doing so we will 
not enter. The weight of gas consumed during the esperi- 



ment is thus known, but in order to obtain a definite result 
something more is necessary; the velocity of the current of 
gas through the apparatus ought to be constant throughout 
the experiment It is clear that without some special ar- 
rangement this current will not be constant, because the 
excess of pressure in the reservoir R will be greater at the 
commencement of the experiment than at the end of it, when 
a quantity of this gas has been used. There is, however, an 
arrangement r by means of which the opening through which 
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the gas escapes from the reseo'oir into the apparatus may 
be enlarged or contracted at pleasure. A manometer to the 
right of r, having one of its limbs open to the atmosphere, 
indicates the excess of pressure of the gas in the tube, and if 
the screw at r is turned in such a manner that throughout 
the whole experiment the excess of pressure denoted by this 
manometer is constant, then will the velocity of the current 
be constant also. Agitators a', J' are attached to the source 
of heat and the calorimeter, and it was ascertained by Reg- 
nault that the gas in passing through .S really attained the 
temperature (indicated by 7*) of the fluid (oil) in S. It was 
further ascertained that the gas lost none, or extremely little, 
of its heat in passing between S and the calorimeter, and 
that in passing through the vessel of the calorimeter, which 
was arranged in a spiral form so as to present as much sur- 
face as possible to the surrounding water, the gas issued with 
a temperature the same as that of the water of the calori- 
meter indicated by the thermometer J". Finally it was 
ascertained that the pressure of the gas was as nearly as 
possible the same before its entrance into the calorimeter and 
after its exit therefrom. 

To simplify matters we may suppase the pressure of the 
outward air constant throughout the experimenL 

In this experiment therefore a known weight of gas 
having a known temperature (that of the bath) was made 
to pass with a constant velocity and at a constant pressure 
through the calorimeter, where it was reduced in tem- 
perature to that of the water of the calorimeter. The 
specific heat of a gas under constant presstire was thus 
found. 

288. Besnlts of J&egnanlt's experiments. The fol- 
lowing facts were determined by these experiments : — 

1 . The specific heat of a given weight of a gas which is 
approximately perfect, and which therefore follows the gaseous 
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laws previously indicaitd (Art. 148), dots not vary with the 
temperature of the gas. 

2. The specific heal 0/ a given weight 0/ such a gas does not 
vary with the pressure or density of ih gas, and hence the 
specific heat of a given voluub of such a gas varies as its 
density. 

3. The specific heats of equal volumes of the simple andincon- 
densibU gases are equal, but this equality does not hold for gases 
easily condensed, such as chlorine and bromine. It holds, how- 
ever, for compound gases which are formed without condensation, 
such as hydrochloric acid and nitric oxide. 

4. These laws do net hold /or condensible gases — the specific 
heat of carbonic acid gas, for instance, increases with the tem- 
perature. 

299, The following table is derived from Regnauli's 
determinations. 



Specific Heat of Gases and V 



s under Constant Pressure. 



Oxygen 

Nitrogen 

Hydrogen 

Chlorine 

Bromine 

Nitrons oxide 

Nitricoxide 

Carbonic oxi<^e 

Carbonic acid 

Bisulphide of carbon 

AnuDoaia 

Marsh gas 

OlefiaQt gas 

Chloride of arsenic ... 



0-2405 

o»JS9 
0.3964 
0-3040 

0-2370 
0-3307 

0-7031 



Equal 

Weighli. 

_ ftf ... t«.r = 

O-JI75 
0-2438 
3'4O90 



0-1569 
0-59S9 
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Gu or Vapour. 

Chloride ofwlicoii 

Percbloiide of tilaiiinm . 

Perchloride of tin 

SDlphnroDS anbjdride.... 

Hvdrochlafic acid 

Sdphnretted hydroeen.- . . 

Water 

Alcohol 

Wood spirit 

Ether 

Chloride of ethyl 

Bromide of elhyl ., .. ., , 

Sulphide of ethyl 

Cyanide of elhyl 

Chloroform 

Dutch liquid 

Acetic edier , ... 

Benzole 

Acetooe 

Oil of turpentine ..... ,, . 
Terchloride of phosphorui 



Equal 



0-8416 

0-^333 
0-JS67 



0-5063 
I :>366 

0-7016 
1-2466 

0-6461 
0-7836 



0-8164 
.■^776 
0.6395 



0-1853 
0-1431 
0-4805 
0-4534 
o-4s8o 
0-4797 
0-3738 



0-1567 
0-3393 

0-3754 
0-4' IS 
0.5061 



In the first column of this table the common volume is 
that occupied by one kilogramme of air, while in the second 
column the common weight is one kilogramme. Also the 
specific heat of one kilogramme of liquid water is taken 
as the unit, so that the heat required to raise a kilogramme 
of atmospheric air one degree under constant pressure is 
only 0-2375 of that required to raise a kilogramme of water 
one degree. 

300. Znflaenoe of the state of a substanoe on ita 
speoiflo heat. The samt body has a higher specific heat in 
the liquid than in the solid slate, while in the gaseous condition, 
again, its specific heat is less than when it is liquid. Thus, for 
instance, the specific heat of water is twice as great as that 
of ice, and more than twice as great as that of steam. 

The following table exhibits the dependence of the specific 
heat on the physical state of the substance. 

, _ .t.noglc 
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gnbttioce. 




Specific heat 




Solid. 


Liquid. 


G,.eo«. 




0.5040 

00541 
0.0J14 


0.1060 
0.0637 
O.I 08a 


0.4805 


Bromine 






Lead 




Bisnlphide of carbon 
EtheT 


o.J|^ 



Atomic Heat. 
SOI. Atomic heat of simple bodies. In 1819, Dulong 

and Petit made experiments on the specific heat of thirty 
elementary bodies, and c^scovered that for equal masses of 
each substance the specific heat is in the inverse proportion 
of the atomic weight. Regnault has made a number of ex- 
periments with the view of testing the accuracy of this law, 
and the following results have been chiefly obtained by 
him. (The atomic weights are those given in Williamson's 
Chemistry for Students, p. 100.) 

Prixluct of ipecific beat 



Snlphur 

Telliirium .... 
Msgnetium.. . 

Zinc 

Codmiom . . . . 
Alamininm 

Nidcel !!!!!! V' 

Cobalt 

Mangmese .... 



Specific he»t of 


Atomic 


eqml wei(^ti. 


weight. 


o.i7;r6 


3, 


00474 


"9 


O.J499 


"4 


0-09SS 




00567 


III 


0.1143 


"75 


0-1138 




0.1091 


hH 


0-1070 


S8-5 






0.0561 




00334 


184 


00951 




00314 


so; 


0-0319 
oo3»4 


197 



6.1 146 

5-9976 
6.3073 
6.3504 
5-893" 
6.37^8 
6.3823 
fi'"595 

6-6316 
6-1456 
60389 

6-4998 
6.3800 



,.e.oogic 
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PaUadiam . 
Khodium.. . 
. Osmium ,. . 
Iridium ., . 

Bromine (solid) . 
Potassium . 
Sodium .. . 
IJthinm .. . 
Arsenic .... 
Antimony . 
Bismuth ,. . 
Timllium.. . 

Gold ".'.'.'.'.'. 



0-0336 
0-0570 
0-03 J4 



.96 



6-0894 
6-4015 

6-8707 

6.7481 
6-5856 



6'Sio8 
6.1560 
6-3504 



It appears from this table that the product of the specific 
htat by the atomic weight is very nearly ike same for all the 
elementary bodies. The differences in this product may be 
accounted for by supposing that the different elements ex- 
perimented on were not all in the same physical state, some 
of these being near their melting-points and others at a great 
distance from them. 

It will be observed that neither carbon, boron, nor 
silicon appears in the above table, although these three 
subsiances are well known to be elementary bodies. Until 
recently it was imagined that those three solid elements had 
a very different atomic heat from all the odiers, crystallised 
silicon giving 4'8, crystallised boron 2-7, and crystallised 
carbon I'S. But in the winter of 1871-1872 Dr. H. F. 
Weber on analysing these various determinations arrived at 
the following conclusion; — The different observers have de- 
termined the specific heats 0/ these elements far entirely different 
intervals of temperature ; and the greater the interval of 
temperature for which the specific heat is determined, the greater 
is the number representing that specific heat. 
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He was thus led to undertake an extensive series of 
experiments, from which he has obtained the following 
important results. 

1. The values of the specific heats of the elements car- 
bon, boron, and silicon change with the temperature ; these 
value? gradually increase with an increase of temperature 
until a point is reached at which they are constant. This 
point is situated at about 6oo''C for carbon and boron, at 
about zoo^C for silicon. The specific heat of carbon at 
tioo^C is about seven times, that of boron about two and 
a half times, as great as at — so'^C. 

2. The constant final values for the specific heats of 
carbon, boron, and silicon are in round numbers 0-46, o'5o, 
and 0-205 respectively. The products of these numbers, 
multiplied into the atomic weights ia,ii,and 28, are S^S, 
g'5, and 5'8 — values which are in keeping with the atomic 
heats of the metals and of the other non-metals. 

3. All opaque modifications of carbon (graphite, dense 
and porous) have the same specific heats. From a thermal 
point of view there are, below a red heat, but two allotropic 
modifications of carbon, the opaque and the transparent. 
The specific heats of these two modifications differ con- 
siderably at low temperature; with increasing temperature, 
however, their values are gradually equalised, until at about 
600" they become the same. 

302. Atomio beat of compoimd bodies. Neumann 
and Regnault have determined that in all compound bodies 
of similar atomic composition the specijic heats art inverstly 
as tie atomic weights. The product of the specific heat 
into the atomic weight for one class of compounds may 
however be diflferent from that for another class of com- 
pounds. Thus Regnault gives the following table for the 
specific heat of bichlorides. 



„8lc — 



3o6 
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t:f 


Atoimc 
wdghL 


Product of qwciBc 

hcit into Momic 

weight. 


Chloride of Barinm(BaCl'> 

C»ldoin(CaCl') ... 

Perchloiide of Mercnry (HgCl') 


00896 
0-1199 
0-164] 

0.0689 

0-i36» 
O-I0I6 


loS 
158-S 

"i 
■i 


18.64 

III 


PerchlorideofTin(Sna') 


19.JO 



While for carbonates we have the following table. 



CarbomileoriJine(CaCO') o->o86 

„ Barytes(BiCO')... 0.1104 

„ StrontiDm(SrCO') 0-1448 

„ Iron(FeCO>) | 0-1934 



J 16 



ii-36 



It thus appears that the numbers of each table agree very 
well together, but the numbers of the one table do not agree 
well with those of the other. 

Finally Kopp has made a great many observations on the 
atomic heat of compound bodies, and has come to the con- 
clusion that the atomic heat of a compound substance is 
nearly equal to the sum of the atomic heats of its components, 
but that it is necessary to assume that oxygen and hydrogen 
have smaller atomic heats than the other elementary bodies. 



CHAPTER X. 

Latent Heal. 

808. It has been already remarked (Art- 91) that a large 

quantity of heat is required by bodies in order to enable 

them to pass from the solid into 'the liquid, or from the 

liquid into the gaseous state. This heat which is absorbed 
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by bodies during their passage from one state to another, 
does not as a rule manifest itself by producing an increase 
of temperature, and it has on this account been called latent 
heat ; so that we may with, much propriety affiim regarding 

Water at o°C - ice at o°C+ latent heat of liquefaction ; 
or regarding steam — 

Steam at loo^C^water at loo^C + latent heat of vapor- 
isation. 

Latent heat was discovered by Black, and the prindples 
of this branch of science were first Caught by him in 1 762. 

Latent Heat of Liquefaction. 

304. Iiatent heat of water. Black first attempted to 
measure the latent heat of water in the following manner. 
He suspended in a room of the tempverature of 64° Fahr. 
two similar glass vessels, one containing melting ice and 
the other ice-cold water; and he noticed that at the end 
of hair an hour the water had attained the temperature of 
40° Fahr., while tlie ice did not reach this temperature 
until ten hours and a half had elapsed. He argued that 
the quantity of heat absorbed by the vessels was very neariy 
proportional to the time of exposure, and by this means he 
attempted to estimate the amount of heat absorbed by ice 
while passing into the state of water. Afterwards Black 
adopted the method of mixtures. The following example 
will illustrate this method of experiment. 

It is found that a kilogramme of water at ioo°C mixed 
with a kilc^ramme of water at o^C, gives two kilogrammes 
of water at a temperature equal, as nearly as possible, to 
5o°C, this temperature being the mean of those of the two 
components; if however a kilogramme of ice at oX be 
mixed with a kilogramme of water at 100°, we have two 
kilogrammes of water at io°.6C only. A correct experi- 
xa I ^ - .'-..ooglc 
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ment of this kind gives us the means of measuring the latent 
heat of water. For we see that when equal weights (one 
kilogramme each) of boiling and ice-cold water are mixed 
together, we have water at 50°, while when the same weights 
of boiling water and melting ice are mixed together we have 
water at lo'.fi only. There is thus a difference in the total 
beat of the two mixtures equal to that required to raise two 
kilogrammes of water from lo".* to 50°, or through a range 
of 39°.4C. Now since the heat of the boiling water was the 
same in each experiment, this difference must necessarily 
represent the heai required to liquefy one kilogramme of ice. 
We thus see that it requires as much heat to liquefy one 
kilogramme of ice at 0° as it does to raise two kilogrammes 
of water dirough a range of 39°.4C, or one kilogramme of 
waler through a range of 78''.8C, or 78.8 kilogrammes of 
water through a range of i''C. 

If we take as our unit of heat the quantity of beat ne- 
cessary to raise one kilogramme of water through i°C, we 
have therefore the latent heat of water represented by 78.8. 

SOB. Many distinguished philosophers have attempted 
since the days of Black to estimate the latent heat of water, 
and amongst these we may name Provostaye and Desains, 
Regnault, and iindly Person. The experimental arrange- 
ments necessary for the estimation of latent heat are how- 
ever so similar in principle to those required for estimating 
specific heal, that it will be unnecessary to give the details 
of the various experiments— let us rather state the results 
obtained. Provostaye and Desains used melting ice in their 
experiments, while Regnault employed both snow and 
melting ice. The united result of these experiments was to 
give 79-23 units of heat as the most probable value of the 
amount required to liquefy one kilogramme of ice. 

806. The experiments of M. Person are well worthy of 
an attentive study, as affording at the same time evidence 
., .Coogic 
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that the change which takes place when ice becomes water 
is [o some extent gradual and not quite abrupt, 

M. Person in his experiments employe'd ice at a tempera- 
ture inferior to its melting point. 

In one of these the ice was at — a°C, and it may be de- 
sirable to describe here in a few words how the latent heat 
of liquefaction of ice is to be derived &om an experiment 
where the ice used is below its melting-point. When such 
ice is melted we may imagine, for convenience sake, that the 
heat applied has two separate offices to perform. First of 
all, it has to raise the ice from its present temperature to the 
melting point ; and secondly, it has to liquefy this melting- 
ice. It is the quantity of heat requisite to perform this latter 
office that is generally regarded as a measure of the latent 
heat, while that necessary to perform the former office may 
be estimated by knowing the temperature of the ice used 
and the specific heat of this substance. Thus we have seen 
(Art 295) that the specific heat of ice is one-half that of 
water, or 0.5. In the above experiment, therefore, where 
the ice was at — 2°C, we might imagine one unit of heat 
necessary to raise the ice from this temperature to o'^C ; 
while the remainder of the whole heat required to melt the 
ice might be taken to denote the latent heat of liquefection. 
Now on this supposition Person found that the latent heat of 
liquefaction, as determined by this and similar experiments, 
was 80 units instead of 79.25, as found by Regnault and others. 

M. Person, in continuing his investigations, was able 
satisfactorily to account for this difference. He found that 
a kilogramme of ice at — a°C requires two units of heat 
instead of one to raise it to o°C ; in fact it would appear as 
if the ice between — 2°C and o^C had already begun to 
absorb part of the heat of liquefaction, and thus that the 
absorption of latent heat in order to be complete required 
a certain range of temperature, 

. 1;-, .t.noglc 
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Presuming this to be the case with ice, it will at once 
be seen that, as far as such observations are concerned, 
latent heat simply resolves itself into an enormous increase 
of specific heat between certain narrow limits of temperature, 
and that in truth latent heat begins to be absorbed when 
the specific heat begins to increase ; or, in other words, these 
two terms arc only two different ways of expressing one and 
the same action. 

We thus derive from these experiments of Person a' baas 
for the theory of the gradual liquefaction of ice — a theory 
vhich we have already seen (Art. loi) has been applied 
with much success by Principal Forbes in order to account 
for the phenomenon of regelation. 

807. Intent heat of other liquids. M. Person has 
made numerous experiments on the latent beat of other 
liquids besides water, and has obtained the following 
resuhs : — 



SubsUnce. 


Litentheatofont 
In Ihernul Doiti. 


kilogramme. 
W.Mr-I. 




79'5 

6a-97S 
47-371 

JI-07 


lOOO 




0063 


Sulphur 

Nitrate of Sod« ... 
NiHatG of pot>s» 


o-iiS 

S?3 




0^7 

0-3SS 


Lead 

Zino 

Cadmidm 


Mercmy 


0-035 



Latent Heat of Vaporisation. 

SOS. Latent heat of steam. Black, the discoverer of 
latent heat, was the first who attempted to estimate the 
latent heat of steam. The subject has since engaged the 
attention of many eminent men, and amongst others of Watt, 
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Rumford, Despretz, Southern, and Clement and Disomies. 
Finally, Regnault has discussed the subject with great 

exactness. 

The object of Regnault's experiments was to determine 
the quantity of heat which must be furnished to one 
kilogramme of water at o''C, in order to convert it wholly 
into saturated vapour at a given pressure; that is to say, 
how much heat must be supplied to this kilogramme of 
water in order, first, to raise its temperature from o°C to 
a certain temperature without evaporation ; and, secondly, 
to evaporate it entirely at that temperature and under the 
pressure which corresponds to it. 

The following was the experimental method pursued 
by Regnault. In order to obtain the formation of aqueous 
vapour at a constant high temperature, the same arrangement 
was adopted as that used in making experiments on the 
pressure of aqueous vapour ; that is to say, the water was 
made to boil under the pressure of an artificial atmosphere, 
while the vapour so fonned was condensed in a condenser 
almost as fast as it was furnished. The formation of aqueous 
vapour at a high and constant temperature might thus be 
obtained (see Fig, 33). 

To this arrangement in the present experiment a system 
of two calorimeters was added. In this experiment we may 
therefore suppose the calorimeters to be supplied at one 
end with saturated steam of a given constant pressure and 
temperature, which, having f)assed through the calorimeter, 
is condensed into water of a known temperature, having in 
the meantime given out a measurable quantity of heat. Sup- 
pose, for example, that a kilogramme of steam at lOo^C in 
passing through a calorimeter filled with water at — i^C 
heated up 637 kilogrs. of water from this temperature to 
©"C, the condensed water of the steam having also the tem- 
perature o°C, then from this experiment Regnault conceived 
, ,l.,0()glc 
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himself entitled to suppose that the total heat (as he terms 
it) of steam at ioo°C is 637, He conceived that he was 
entitled to infer that if a kilogramme of water at o°C was 
first of all heated without evaporation to ioo''C, and at that 
temperature totally converted into steam, the total quantity of 
heat necessary to do all this would be 637 units. We shall 
see in a subsequent part of this work that this inference is 
quite correct; in the meantime we content ourselves with 
defining what Regnault meant by the total heat of steam, 
and in stating by what experimental means he imagined he 
had obtained it. 

Regnault also made experiments at low pressures by 
another method. 

The following table embodies the results of all his 
experiments : — 

Total Heat of Steam. 
Temperatorc of the ToW Heat, 

lamratcd vapour. 

0° SoCS 

^ ^9-| 

30 ^iS-7 

50 6j"-7 

00 6*^.8 

Jo 637-8 

80 630.9 

90 ■■■ 633.9 

»«> 6370 

"s 6«-i 

130 646.1 

i^o 649-1 

150 65»-» 

»6o 655.3 



664.4 
667.5 
670-6 
6736 
676.6 
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The latent heat of steam at any temperature is very easily 
derived from the total heat given in this table. Thus it takes 
637 units first to heat a kilogramme of water at 0° to 100° 
and then to evaporate it at that temperature, but it takes 
as nearly as possible 100 units to heat it from 0° to 100°; 
BO that 637 — 100= 537 units denote the latent heat of steam 
at 1 00*^0. 

809. lAtent beat of other Tspcnm. Andrews and 
Favre & Silbermann have made numerous experiments on 
this subject The following table embodies the results 
derived by Andrews — the liquid is supposed always to be 
evaporated at the temperature of its boiling-point : — 



Latent Htat of Vapours. 



S.b.,.„. 


Latent heat of one 
Id f hermil uniti. 


Idlogramnu. 
Slein.-i. 




SIS? 

30i-4 

117.1 
7J.7J 

46-07 

45-^0 


1000 
















o.>^ 












0-136 






r4 








0-085 


Perchlorideoflin 





If we compare this table with that of the latent heat of 
liquids, we shall find that in both water stands at the head 
of the list ; that is to say, the latent heat of liquefaction of ice 
is greater than that of any other solid, also the latent heat 
of vaporisation of water is greater than that of any other 
liquid. 



BOOK III. 

ON THE NATURE OF HEAT, ITS SOURCES, AND ITS 

CONNEXION IVITff OTHER PROPERTIES 

OF MATTER. 

CHAPTER I. 
Jiemarks on Energy — Historical and Preliminary. 

810. Ideas regarding the nature of Heat have recently 
undergone a great change. Formerly this agent was re- 
garded as a species of matter, but of the class of the im- 
ponderables, since no evidence of the weight of Heat could 
be obtained, inasmuch as a hot body does not weigh more 
than the same body when cold ; but very lately scientific 
opinion has unanimously decided that Heat is not a kind 
of matter, but a kind of energy. Contemporaneously with 
this change in our conception of Heat, a great general 
law, which binds together the various kinds of energy, 
invisible and visible, has become known under the title of 
die Conservation of Enei^. As this law is intimately con- 
nected with that conception which regards Heat as a kind 
of energy, we shall begin this branch of our subject by a 
short account of this great and important principle. 

311. Ferpetoal motioii. Almost from time immemorial 
certain curious and perplexing questions in various branches 
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of knowled^ have thrust themselves prominently forward, 
so as almost to haunt the hmnan mind. 

In chemistry the famous speculation was the possibility 
of transmuting other metals into gold; while in physics it 
was the possibility of perpetual motion. 

These questions may appear visionary, but they have not 
been without an indirect influence upon the progress of 
knowledge, and without doubt an intelligent denial of the 
possibility of perpetual motion leads at once to an exact 
knowledge of the fimdamental principles of the science of 
energy. 

We shall hereafter- see that there are two forms of the 
idea of perpetual motion : one of these may be very easily 
stated. The use of any machine, it is well known, is to do 
work. We need not here define ' work,' for its meaning will 
at once be understood. Now to do some kind of work is the 
object of every machine. But in order to keep a machine 
going it has always been found necessary to perform, either 
continuously or periodically, some operation upon this 
machine. Thus you must yourself keep constantly working 
at a turning-lathe, or a coffee-mill, in order that either of 
these machines may do work ; and though a clock may 
go for a long time by itself, yet it has to be wound up 
periodicall]'. When we come to a steam-engine, or even to 
a living being, such as a man or a horse, the case is some- 
what different ; yet the difference is not very great. Both 
of these have to be fed regularly, the one with fuel and the 
Other with food, in order that they may continue to work. 

Now in one form of the idea of perpetual motion it is 
thought possible to construct a machine which can go on 
doing external work without the application of any external 
agency, either constant or intermittent. May there not, it ia 
said, be some hidden, unknown material agent, that gives us 
this great desideratum } It is the most difficult thing in the 
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world to prove a negative, especially in such a case as this, 
for our knowledge of the various forces of matter is ex- 
tremely limited. It is only in the case of a clock or similar 
machine that we can prove the impossibility of perpetual 
motion of this kind ; in other cases we are driven simply 
to deny this possibility. But this denial, intelligently made, 
leads us at once to the principle of the Conservation of 
Energy, which asserts that the amount of energy in a material 
system left to itself is a constant quantity, and that the only 
change is from one form of energy to another; so that, 
do what you may, you can only get a definite and limited 
amount of work out of any machine that is not supplied 
with energy in some other form, 

312. Definition of energy. I. Einetio energy. Be- 
fore proceeding any further let us attach a more deSnite 
idea to the word ' work '; and to enable us to do so we may 
call to our aid the all-pervading force of gravity, against 
the actiop of which our efforts are so frequently directed. 
Lei us agree to consider a kilogramme raised up venicaUy 
one m^tre in vacuo against gravity as representing the per- 
formance of one unit of work. It is necessary to say in 
vacuo ; because, for esample, if the weight be made of wood 
and the medium be water, it is evident that we perform no 
work by lifting the wood one foot higher in the water ; on 
the other hand, we should perform work by causing it lo 
sink. A kilogramme raised one foot in vacuo against gravity 
is taken as unit of work performed. 

Now according to this standard it is easy to perceive that 
tlie kilogramme raised two metres in height will represent 
the performance of two units of work, if raised three metres 
the performance of three units, and so on. Further, a weight 
of two kilogrammes raised one mfetre will denote two units 
of work done, and a weight of three kilogrammes raised one 
mkre three units, and so on, In fine, if the mass of matter 
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be m kilo^ammes, and if it be raised h metres against the 
force of gravity, which we may suppose to be the same for 
all points at the earth's surface, then the work done - nth. 

813, Let us now study the action of this force of gravity 
in producing velocity ; and in order to do so let us suppose 
that the mfetre and the second are our units of space and 
time, while our unit of velocity is represented by a body 
'moving at the rate of one'mfetre in a second, and our unit 
of acceleration is the production of unit velocity by a force 
acting for one second. Under this convention the force of 
gravity, or g, will be denoted by 9.8, since when a body is 
allowed to fall under the action of gravity for one second, 
it is found to have acquired the velocity of 9,8 metres in 
one second. If we consider how far this body has fallen 
in one second in order fo acquire this velocity, we shall find 
the distance to be 4.9 metres ; and if, on the other hand, we 
project a body upwards with the velocity of 9.8 mfetres per 
second, it will rise against gravity 4.9 metres in height. A 
kilogramme projected vertically upwards with the velocity 
of 9.8 mfetres per second is therefore capable of doing 4.9 
units of work before it comes to rest. 

Again, it is found that a body, allowed to fall for two 
seconds under the influence of gravity, will have acquired the 
velocity of 19.6 mfetres in one second, and that during this 
time it will have fallen 1 9.6 metres. A kilogramme projected 
vertically upwards with the initial velocity of 19.6 metres 
per second, will therefore rise 19.6 mfetres in height, and 
will do 19.6 units of work before it comes to rest. 

We thus see that a double velocity enables the body to 
do four times as much work — in fine, in order to find out 
how much work a body one kilogramme in weight projected 
upwards with the velocity ■a is capable of doing, we have 
only to ask bow high it will rise. This will be given by 
the following formula: — 
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Thus, if the velocity be 9.8, we have by this formula — 

19.6 

but if the velocity be 19.6, we have — 

Work = ' , = 19.6 as already staled. 
19.6 ' 

S14. A little consideration will shew us that it is not 
necessary for the body to be moving with this velocity 
vertically upwards in order to be capable of doing this 
work ; indeed, we have only selected the force of gravity 
■as one of the roost prominent forces against which work 
is done; but the moving body may hkewise be made to 
do work against a spring, ■or even by means of a single 
fixed pulley or otherwise it may be made to raise another 
body against gravity. In fact, taking the words ' work done ' 
in their most general sense, as representing space moved 
over against the action of any force, we see that the above 
formula {A) will hold good without reference to the direc- 
tion in which the body is moving ; and if we consider 
the kilogramme as denoting the unit of mass, we have the 
following general expression for the work capable of being 
done against any force by a body of mass m and velocity v — 

Work" -'"^; (B) 

19.6 

the unit of work being always the amount represented by 
raising one kilogramme one mbtre against terrestrial gravity, 
or the kilogrammilre as this is termed. It ought to be 
borne in mind that if the force against which the work is 
done is much more powerful than gravity, then a com- 
paratively small space passed over against the action of 
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this force will denote a large amount of work. Thus, for in- 
stance, if the force were constant and ten times as powerful 
as gravity, then a d^cimfctre passed over against this force 
would be equivalent to a mfetre against gravity. A body, 
such as a kilogramme, moving with a certain velocity may 
therefore be said to have a certain amount of energy ' stored 
up in it in virtue of this velocity. This energy is termed 
energy of motion, or kinetic energy {nlvifins, motion). 

316. II. Potential energy. Suppose now that this 
kilogramme moves vertically upwards with the initial velocity 
of 9.8 metres per second, it will rise, we hava seen, to the 
height of 4.9 metres. When this height has been attained 
the velocity is all spent, and the body may be supposed to 
be for an instant at rest. Its kintiic energy is therefore all 
spent, since it has no velocity; but this has not been spent 
without some equivalent advantage being attained : the kinetic 
energy has in fact been spent in acquiring for the body a 
position qf advantage with regard to the force of gravity ^ in 
virtue of which, when it falls to the point of projection, it 
will have reacquired the same amount of velocity, and there- 
fore of kinetic energy, with which it originally started up- 
wards. When the kilogramme has attained its extreme height 
of 4.9 mfetres it has therefore converted its energy of motion, or 
kinetic energy, into energy of position, or potential energy {an 
expression ^rst generalised by Rankine), and when it has again 
fallen it has reconverted Us potential energy into kinetic energy. 

There is thus as much energy in the kilogramme at the 
summit of its flight as at the moment of its discharge, only 
it is of a different kind tn the two cases, being in the first 
potential and in the second kinetic energy; and, further, at 
any intermediate point of its course its energy is partly 
potential and partly kinetic ; but the sum of these two 
' The tenn ' Enei^T ' is dne to Yonng : it meaos the power of doing 
work Bgsiut gravit]' or U17 other force. 
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kinds of energy is constant throughout its range, so that in 
the varying motion of the kilogramme there is neither crea- 
tion nor destruction of energy, but simply a transmutation 
from one form to another. 

316. The case of a pendulum is almost precisely similar 
to that just mentioned, for when the bob of a pendulum 
is passing its lowest point its energy is ail kinetic ; while 
at its highest point the energy is all potential. We may 
pass on at once from the case we have considered to any 
machine, and assert that the energy of such a machine left 
to itself, and neither doing work upon other bodies nor 
having work done upon it, is strictly constant and limited, 
although it may vary from kinetic to potential, and from 
potential back again to kinetic, according to the geometric 
laws of the machine. As far as regards the combinations 
of ordinary mechanics this principle was clearly enunciated 
hy Newton, and was even to some extent recognised by 
Galileo. 

By both these philosophers a machine was regarded not 
as a means of creating energy, but rather of transforming 
it from a less convenient to a more convenient kind ; and 
if we study the mechanical powers, as they are called, we 
shall find their ofiice to be strictly this. The truth of this 
will be seen at once from a very simple illustration. If we 
take a lever, one of whose arms is twice as long as the 
other, a two-kilogramme weight at the end of the short 
arm will balance a one-kilogranmie Weight at the end of the 
long one; but the one-kilogramme must fall two metres 
in order that the two-kilogrammes may rise one m^tre. Now 
according to the definition of ' work ' already given, the work 
spent upon the long arm by the one-kilogramme weight 
filing will be two units, while that gained by the short arm 
rising will also be two units. 

The product of the weight into the space moved over 
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against gravity is the same for both arms ; but while the 
space-^ctor of this product is the latger one for the loQ^ 
arm, the weight-factor is the larger ohe'for the sbtirt arm. 

817. Functions of a maohinB. It thus appears that 
all we can do by the leVer or ihe other mechanical powers 
is to increase the one ^tor at the expense of the other — - 
that is to say, either to gain force by losing space, or to 
gain space by losing force. We may gentfrahze this state-' 
ment so as to make it applicable to all possible machines, 
and we may view these as instruments which when sup- 
plied with energy in one form convert it into Other forms 
according to the law of the machine. 

818. C<mveTsi<m of meoliaiuoaL energy into heat. 
It is not in ordinary mechanics that the difficulty of re- 
cognising the principle of the conservation of energy is 
found, but rather when visible modon has been transfonned 
into molecular motion, or when the opposite transformation 
has taken place. Thus, for instance, when an anvil is 
Struck by a hammer, what becomes of th« energy of the 
blow? or when a railway train is stopped by the break, 
what becomes of the energy of the trsun ? 

818. The true explanation of this difficulty has done 
more than anything else to forward the theory of the con- 
servation of energy, and it is only of late years that the 
problem has been completely solved. 

In considering the subject of percussion and friction, 
two simultaneous phaenomena claim our attention. In the 
first place, the enei^ of Ihe hammer and of the railway 
train disappear from the immediate cognisance of our senses 
— from that category which embraces visible potential and 
visible kinetic energy. 

In the next place, by repeated strokes of the hammer 
upon the anvil we have the production of heat, nay even 
of a red heat if the process be conducted sufficiently long 

T ., ,t.;oogic 
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and be mffidnitlj t^mI ; and in li 

of a railway train produces beat ; indeed we maj see sparits 

flying out {rom tbe tneak-niieel on a daric nigbL 

Fot a long time tins {Hodnction of heat was reganled 
ai inezplicaUe, beCaiHe, heat being looked npon as a species 
of matter, it amid not be imagircd wbeie all this beat came 
from. Tbe only soit of explanation was, that in tbe pro- 
cesMS of friction and percoanon beat might be drawn from 
ne^Jibooring bodies, or there might be a diminution in 
tbe Ibertnal capacity dl tbe two bodies acting on each 
Other so that caloric was supposed to be squeezed, or 
rubbed, out of them, although it is not easy to see why tbe 
same effect sboold lake place wi:h two such different actions 
as friction and percosstMi. Davy, about the end of last 
century, was one cJ the first to refute this explanaticm by 
a very simple experiment. This connsted in rubbing two 
|»eces of ice violently together until it was found that 
both were nearly melted by friction. The eiplanatic»i of a 
dimicntion in thermal capacity was evidently inap^dicable in 
this experiment, since water cont^ns more heat than ice ; 
and other experiments performed by Davy combined to shew 
that tbe heat produced in such cases is not abstracted from 
neighbouring bodies. Tbe result derived by Davy from 
these experiments was that heat implies a kind of motion (A 
the corpuscules of bodies. 

About the same time Count Rnmford was engaged in 
boring cannon at the arsenal in Munich, and was struck 
with the very great amount of heat developed by this 
operation ; the source of this heat appeared to him to be 
inexhaustible, and he was therefore led to attribute it to 
motion. 

Rumford, moreover, estimated approximately the quantity 
of heat produced by a definite amount of mechanical 
energy, and pointed out that the agitation of liquids,' sucfar 
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as churning, might fomi a very good means of determining 
the mechanical equivalent of heat. A complete detennina- 
dtm of this equivalent was however reserved for Jon'ei 
but his experiments wiH form the' subject of another 
chapter. 

320. ConTeraion of heat into meohuiioal energy.* 
The converse problem, or the rationale of the conversion 
of beat into mechanical energy, was first undertaken by 
Camot, a French philosopher. He shewed that mechanical 
effect is only produced by heat when there is a transfer- 
ence of heat from a body of highef to one of lower tem- 
perature. He likened, very ingeniously, the mechanical 
power of heat to that of water, shewing that just as a body 
of water at the same level can produce no mechanical 
effect, so neither can bodies at the same temperature pro- 
duce any mechanical effect; and just as you must have a 
fall of water from a higher to a lower level in order to 
obtain mechanical effect, so likewise you must have a fall 
of heat from a body of higher to one of lower tem- 
perature. Carnot, in his researches, adopted the old or 
material theory of heat, and his principle therefore required 
to be modified so as to suit the dynamical theoty. This 
was done nearly simultaneously by Rankine, Clausius, and 
W. Thomson. Further remarks on this subject we must 
defer to a fiiture chapter. . 

821. VariouB principles of the science of ene^^. 
It may be desirable at this stage to distinguish between 
three principles or laws connected with energy. The first 
of these is the principle of the conservation of energy, 
which asserts that energy is as indestructible as matter 
itself, and as a whole is neither created nor destroyed, but 
merely changes its form. 

The second problem embraces the laws which regulate 
(he change of form, consistently of course with the great 

,2 -"■'-- .'^■ooglc 
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law of conservation, and consistently also with the third 
]aw, or that of the dissipation of energy. Grove in this 
country and Meyer on the continent have done good service 
in pointing out how the various forms of energy are cor- . 
related, and many of those philosophers who have been 
engaged with the conservation of energy, such as Joule, 
Hehnholtz, Thomson, Rankine, &'c., have necessarily ad- 
vanced the subject; nevertheless, the complete laws which 
regulate the transmutation of the various kinds of energy into 
one another are as yet very imperfectly known. Rankine 
especially has given the laws of transmutation of energy in 
the most general form possiUe. 

The third law, or that of the dissipation of energy, will 
be considered in a fiiture part of this work. 

822. TariotiB fomu of energy. Before concluding 
this chapter we will give a list of the various forms of 
energy, and state very briefly some of the more prominent 
transmutations from the one into the other. In the flrst 
place, all these forms may be divided into two classes : — 

I. VisiBLK or Molar Enekgt, or energy of motions and 
arrangements on the la^ scale. 

II. MOLBCULAR AND AtOWC EnEKGV. 

In the first of these classes, under the head of visible 
energy we have — 

A. Molar kineiic tmrg.y ; that is to say, the energy of 
a body in visible motion. 

B. Pokniial energy of molar arrangement; that is to 
say, a body in a position of advantage with regard to the 
force of gravity, the force of a spring, or any other force 
acting through large spaces. A head of water is a very good 
instance of this kind of energy, and every one is famihar wiih 
the work a head of water is capable of accomplishing. 

In the class of molar energy we may embrace those 
vibrations of bodies which give rise to sound. A body in 
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vibration is very similar to an oscillating pendulum, in which 
case we have already seen (Art, 316) that the energy is 
alternately kinetic and potential. 

In the class of invisible energy, embracing molecular and 
atomic energy we have — 

C. The energy of tkdrkify in mo/ion. When a current 
of electricity passes along a, wire, the wire will be heated to 
some extent, but if it be a very good conductor the heating 
effect will be comparatively small. In such a case we know 
that much more eneigy has passed through a given length 
of the wire than can be accounted for by the heating effect 
produced. This is the energy of electricity in motion. 

D. 2^e efiefgy 0/ radiant heat and lighl. This is a species 
of energy which is capable of passing through interplanetary 
space without sensible loss ; it is also capable of passing 
through certain bodies with very little absorption. 

We imagine radiant light and heat to consist of a vibratory 
motion of a certain kind of matter. The energy of this 
matter whose motions cause radiant light is therefore perhaps 
similar to that of a vibrating body or pendulum ; that is to 
say, it is alternately potential and kinetic. 

E. The kinetic tturgy 0/ ahsorbtd heat. When radiant heat 
and light are absorbed, or when a body becomes heated by 
any means, we have reason to believe that a great portion of 
the energy of this absorbed beat is transformed into a peculiar 
motion of the molecules of the body, 

P. Molecular potential energy. Part of the absorbed heat 
is also spent in producing energy of expansion or separation 
of the molecules of matter against the force by which they 
are attracted to each other. It is thus spent in producing 
a species of potential energy, molecular attraction being the 
force in this case, just like gravity, or the force of a spring, 
in the case of the potential energy of visible motion. There 
are besides other forms of molecular potential energy. 
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G, There is also the pt^eniial energy caused by electrical 
ttparatien. Thus two aeparated spheres, one charged with 
positive and the other with negative electricity, attract each 
oUier. A position of advantage is thus obtained with respect 
to the force of electricity analogous to that which is ob- 
tained with respect to the force of gravity when a stone is 
separaled from the earth. 

H. There is also the potential etttrgy caused by chemical 
teparaHon. In the expansion produced by heat we have 
chiefly one molecule separated fiom another of the same 
body; but in chemical separation we have one element of a 
compound body separated fr<»D the other, and in this sepa- 
ration we have obtained a position -of advanti^ with respect 
to that very powerful force known as chemical affinity. 

It is not of course pretended that there may not prove 
to be some kind of energy which is not embraced in this 
list, or that no two of these varieties here given are reducible 
into one. The list is simply one of convenience, 
; 828. Now with regard to these various forms of energy, 
the principle of the conservation of energy asserts that for 
a body lefl to itself, or for the entire material universe, we 
must have — 

A+B + C + D + &c.=a constant quantity; 
on the other hand, the various terms of the left-hand ntembei; 
of this equation must be considered as variable quantities, 
subject however to the above limitation, but capable of being 
transmuted into one another according to certain laws. 

824. LawB of transmntatioiis oC energy. The fdr 
lowing are amongst the most important cases of transmuta- 
tion of these energies into one another : — 

A, or molar kinetic energy, is tianunuted into B, or the 
potential energy of molar motion, when a weight is pro-; 
jected upwards above the earth; into O, or electricity in 
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motion (ultimatelj' into heat), when a revolving conductor 
is brought between the poles of a powerful magnet. 

As far as we know at present, A is not directly trans- 
muted into D, or radiant light afid heat; it is transmuted 
into'E and F, which embrace tbe energy, both kinetic 
and potential, of absorbed heat, when friction slops a body 
in; motion and the body becomes heated in consequence; 
into Gt, or the potential energy of electrical separation, in 
the machines which produce frictional electricity. The elec- 
trical separation produced makes it harder to drive tbe 
machine. A is possibly not converted directly mto H, or 
chemical separation. ' , 

B, or the potential energy of molar motioii, is generally 
converted first into A, or molar kinetic energy, and Ibrough 
it into other forms .of enei^. It is converted into A when 
3, stone is rolled down a moimtain, or when a bead of water 
is made to drive a mill-wheel. j ■ , 

C, or the energy of electricity in motion, is converted 
into A, or visible kinetic energy, when two wires con- 
veying electrical currents in the same direction attract each 
Other ; a certain amount of the strength of the two currents 
is thus spent in producing the kinetic energy of the visible 
motion as they approach each other; into E and F, or 
absorbed heat, whep an electric current passes through a 
body which presents any resistance to its pass^e ; into H, 
or chemical separation, when a cmrent of electricity is made 
to decompose a body. 

D, or the energy of radiant light and heat, is converted 
into E and F, or absorbed heat, when radiant heat is ab- 
sorbed by a body; into H, or chemical separation, when 
a ray of sunlight decomposes chloride of silver. 

E and F, or the energy (kinetic and potential) of absorbed 
heat, is converted into A and S, or the energy (kinetic and 
potential) of molar motion, in the case of any beat-engine ; 
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into O, or the cnerg)' of efectiici^ in modon, in dicnno- 
electric ctirrenta (Art. 163) ; into D, ra- radiant ligbt and 
heat, when a hot bodf radiates, which it ahrajs does; into 
O, or electrical Reparation, when lonnnalines and other 
ciTiUli are heated (Art 167); into H, or chenucal ac 
parttion, when a body is decomposed \tj lieaL 

O, or electrical separation, is transformed into A, or the 
kinetic energy of molar motion, when two bodies oppositdj 
electrified approach each other; into C, *x the energy of 
electricity in motion, when they are connected together by 
a wire or when a qtark passes. 

H, or the potential energjof chemical separation, is trans- 
muted into C, or the energy of dectricily in- motion, when 
a vt^aic battery of unc and copper-plates is in action ; into 
■ and T, or heat, when a body tnima in air, or generally 
when chemical combination takes place; into Q, or elec- 
trical separation, when two dissimilar metals are brought into 
contact. 

828. These are some of the chief instances of transuu* 
tation of energy. In the remainder of this work we shall 
confine our attention to those transmat9tions in which the 
energy o£ heat embraced under the heads D, E and 7 is 
converted into other fonns of energy, or in which other 
fonns of energy are converted into heat 
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CHAPTER n. 
Relation httwten Heal and JHeehankal Effect 

First Law or THERHo-I>niAiiics. 

S26. Allusion has already been made to the experiments 
of Davy, in which ice was melted by the friction against 
each other of two pieces of this substance; and also to 
those of Rumford, in which the friction of boring cannon 
was found to produce great heat, suSicient even to cause 
a considerable quantity of water to boil, The opinions of 
these philosophers were also quoted, in both of which it 
was distinctly staled that in friction motion is converted 
into heat Motion is, in fact, annihilaled as visible motion, 
while at the same instant heat is created. Visible motion 
is likewise converted into heat in certain cases of deforma- 
tion, in compression, in percussion, and also in a vibrating 
body, in which the energy of vibration is ultiroately con- 
verted into beat; but this transmutation can best be studied 
in the case of friction. 

If, therefore, by means of friction, percussion, &c,, there 
is a transmutation of mechanical energy into heat, it becomes 
an experimental question of great importance to ascertain 
how much mechanical energy is required to produce one 
unit of heat ; or in other words, what is the relation between 
the unit of mechanical energy and the unit of heat ; the latter 
unit being chosen as the amount of heat necessary to raise 
one kilogramme of water from 0*^0 to i°C. We have, in 
fact, to inquire how far a kilogramme of water must fall 
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under the influence of gravity in order to acquire mechanical 
energy by the fall which, when entirely converted into heat, 
will raise its temperature I'^C. 

337. Joule's experiments. I. Fluid friotioiL. This 
experimental question has been answered by joule. His 
experiments began in 1843 and were continued until 1849, 
During this time he had learned to perfect his apparatus and 
to eliminate the various sources of error in such a manner 
that the results of different processes coincided in giving 
almost identical values for the mechanical equivalent of heat. 



■ .■: Fig. 7a. 

His experiments on the friction of fluids were conducted 
in the following maimer. A known weight is attached to 
a pulley as in Fig. 7a, the axle of this pulley resting upon 
friction rollers at f\ a string passing over the pulley i; 
also WTa|:^d round the roller r, so that by descent of the 
weight a rapid motion round a vertical axis is communicated 
to this roller. 
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; This roller communicates its motion to a, system of 
paddles placed in a fluid which BIls the box B. A vertic^ 
section of one of these paddles is given in the figure. 
There are eight sets of these revolving between four sta- 
tionary vanes, which thus prevent the liquid from being 
whirled in the direction of rotation. The mechanical energy 
employed in producing the rotation was measured by the 
descent of a known wdgtit through a known distance, and 
by undoing a small peg p the weight could be wound up 
again without moving the paddies in B. Great care .was 
tdcen to correct for the amount of energy expended in 
friction of the axles of the pulleys employed In this exr 
periment it is evident that the mechanical energy of the 
weight is expended in fluid friction in the box B, and by 
this means is ultimately converted into heat A delicate 
thermometer at / gives the temperature with great exact? 
ness, and, the usual precautions being taken to eliminate 
the efiects of radiation and conduction, it is evident that 
the amount of heating efiect may be accurately measured, 
and by knowing the thermal capacity of the box and its con- 
tents this may ultimately be expressed in terms of the unit of 
heat. Joute also made experiments on the. friction (^ iron. 
In these a disc of cast-iron was made to rotate against . 
another disc of cast-iron pressed against it; the whole being 
immersed in a cast-iron vessel Ailed with mercury. By all 
these experiments it was found that the quantity of heat 
produced by the friction of bodies, whether solid or liquid, 
is always proportional to the quantily of work expended, 
and that the number of units of work in kilogramroStrec 
necessary to raise by I'^C the temperature of one kilogramme 
of water taken at about io"C was as follows : — 

4i3'9 from frictioD of water mean of 40 cxperimenti. 
434-6 „ mercary ,. jo „ 

421-1 „ catt-iron „ ao . „ . 

D.,r:-:...LiOOgk"' 
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Quite recently {Phil. Trans. Jan. 1878) Joule has repeated 
his experiments on the friction of water. The method he 
adopted was to revolve a paddle in a vessel of water, deli- 
cately suspended ; to find the heat thereby produced ; measur- 
ing the work by the force required to hold the vessel from 
turning, and the distance run as referred to the point at 
which the force was applied ; in other words making use of 
the principle that the work transmitted by a shaft is equal to 
the moment of the force mtiltiplied by the angle of rotation 
of the shaft. 

He obtained from these experiments the value 423*8, which 
agrees extremely well with bis previous results. 

Still more recently an experiment of a similar kind has 
been made by Professor Rowland, of the John Hopkins 
University, who obtains a result agreeing extremely well with 
that of Joule. 

328. n. Hagneto-eleetrioitjr. Other methods were 
used by Joule ; one of these took advantage <£ magnetO" 
electricity, and was essentially the same experiment which 
was afterwards put in the following form by Foucault 

If a metallic disk or top in rapid rotation be brought 
between the poles of a powerful electro-magnet, induced 
■ currents will be generated in the top in consequence of its 
rotation in presence of the magnet, the tendency of which 
will be to bring the top to rest. The effect is exceedingly 
curious, and if it be asked what becomes of the energy of 
the rotation, the answer is that it is converted in the first 
place into elcctrici^ in motion, but ultimately into heat, and 
that in consequence the temperature of the disc will be found 
to have increased. If the disk be turned by hand the effect 
is very strange; it is found almost impossible to move it 
while the electro-magnet is in its neighbourhood, but when 
the current is broken it is of course exceedingly easy to do 
so. At the expense of much labour the disk, so revolving 
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between the poles of the magnet, may be heated until it is 
too hot to be touched, 

Joule'9 final results coincided in giving 424 kilogrammfetres 
as the mechanical equivalent of the heat necessary to raise 
one kilogramme of water (weighed in vacuo and having the 
tempferature of about io°C) through I'C. Strictly speaking, 
this detennination is for the value of gravity at Manchester, 
and for the specific heat which water has between 8°C and 
lo'^C. 

820. III. CondeDBatdoiL of gases. Before leaving this 
subject it will be desirable to consider the method of deriving 
the mechanical equivalent of heat from the condensation 
of gases. Many familiar experiments shew that when a gas 
is suddenly compressed there is a production of heat, and 
that when suddenly expanded there is an absorption of heat. 

S^guin and Mayer had already suggested the use of gases 
and vapours for the purpose of determining the mechanical 
equivalent of heat ; and air, the substance chosen by Mayer, 
was no doubt very good for such a purpose ; nevertheless, 
the suggestions of these philosophers do not seem to have 
been accompanied with a clear appreciation of all the data 
necessary to a complete proof 

980. Joule, however, in his experiments supplied what 
was wanting in order to derive a good determination of the 
mechanical equivalent of heat from the known gaseous laws. 
By compressing air forcibly into a receiver surrounded by 
water he found that the water was considerably heated. It 
is not, however, correct to infer without further experiment 
that the amount of heat produced in this case is the exact 
equivalent of the energy expended in compressing the air. 
A familiar instance will make this clear. By a blow of a 
hammer upon a small quantity of fulminating mercury it is 
exploded and produces a considerable amount of heated gas, 
\t<& we are not at liberty to suppose that all the heat thus 
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developed is merely the ttiechanical equivalent of the energy 
of the blow, as will be evident by supposing such an extreme 
case as a ton ot the fulminating powder. 

Evidently the substance is in different molecular condi- 
tions at the end of the experiment and at the beginning, 
and it may be supposed with much truth that the heal 
produced is nearly all due to the conversion into a kinetic 
form of a certain potential energy present in the compound. 
Now in the experiment above described, in which air is 
compressed, the air is evidently in a different molecular con- 
dition after compression, for the particles are much nearer 
together. The first thing therefore is to determine how 
much, if any, of the heat produced may be due to this 
change of the molecular condition of the air, and how much 
to the work expended in compressing the air, 

331. The following very ingenious experiment performed 
by Joule is conclusive in shewing that the mere change of 



distance of the molecules of a permanent gas neither pro- 
In Fi 
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' 73 we have two strong vessels, of which A contains coin- 
piessed air, say under the pressure of 30 atmospheres; B, 
on the other hand, is a vacuum. The two vessels are con- 
nected with each other \sj a tube having a stop-cock which 
we may suppose to be shut. The whole apparatus is plunged 
into a vessel of water. After the temperature of the water 
has been very accurately ascertained, open the stop-cock, and 
thus allow both vessels to have the same pressure. ' 

When the experiment is finished it will be found that 
there is no change in the temperalnre of the water. The 
prevalent idea is that when air expands it becomes colder, 
and that when condensed it becomes hotter; but Joule by 
this experiment has shown (hat no appreciable change of 
temperature occurs when air is allowed to expand in such a 
manner as not to develope mechanical power. It follows as 
an inference that when air is compressed the rise of tem- 
perature is' scarcely at all due to the mere diminution of the 
distance between the particles, but almost entirely to the - 
mechanical effect which must be spent oq the air before ihis 
condensation can be produced. 

882. Speoiflo heat of gas of oonstaitt Tdmne. In 
a previous part of this work a distinction was made between 
the specific heat of a gas of constant volume and that of 
the same gas of constant pressure, and the determinations 
therein exhibited were those of Regnault. 

His determinations give the specific heat of various gases 
under constant pressure; that is to say, when the gas re- 
mains at the same pressure during the various temperatures 
to which it is exposed. 

Experimentally it would be very difficult to find the specific 
heat of a gas of constant volume; nevertheless, the one 
specific heat can be obtained from the other without trouble 
by means of the knowledge derived from the experiments of 
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Thus let us consider a rectangular prismatic vessel one 
square m^re in section (Fig. 74), and suppose that we have 
a cubic m^tre of air under the ordinary 
pressure of 760 millimetres of mercury re- 
duced to o^C contained in it, the tempe- 
tfttureof Uie air being also o°C. The whole, 
pressure on the surface a a, whicfi shuts in 
this air, may easily be found ; it will in fact 
be that of a column of mercury whose base 
is one square metre and whose height is 
0'76o m&tres. Now the specific gravity of 
mercury at o°C is 13596 (Art. 75), that is '^■^*' 

to say, a cubic d&imbtrc (or .001 of a cubic m^tre) of mer- 
cury at o°C will weigh 13.596 kilogrammes, and hence the 
above column of mercury will weigh 760 X 13.596 •• 10333 
kilogrammes nearly. We may suppose, for the sake of sim- 
plicity, that there is no atmosphere above this air, and that it 
is kept down by a veritable weight of 10333 kilogrammes 
above it. The weight of this cubic mbtre of air will at o'^,C 
be (Art. 149) 1.2932 kilogrammes nearly, and if it be raised 
in temperature through an interval of i7a°C its volume under ^ 
the same pressure will be exactly doubled ; that is to say, it 
will have raised the weight 10333 kilogrammes one m&tre 
high and done work represented by 10333 kilognunm^tres. 

Now according to Regnault's determination. Art. 299, the 
specific heat of air is 0.237; that is to say, it will only 
require 0.237 ^^ ^^ amount of heat necessaiy to r^se a 
kilc^ramme of water one degree in temperature, in order 
to raise a kilogramme of air under constant pressure one 
degree in temperature. 

Hence the amount of heat necessary to raise this air from 
o°C to 272'^C under constant pressure will be — 

1.2932 X 0.137x272 = 83.365 heat units. 
In this expression the first factor refers to the weight of the 
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air, the second to its specific heat, and the third to its 
increase of temperature. But in the course of this increase 
of temperature work equal to 10333 mechanical units, or 

(Art 328) — ^— ^ = 24.37 li^3t units, has been done. 

Hence, of all the heat expended upon this air, or 83.365 
units, 24.37 wits have been spent in work. Hence also 
83.365— 24,37 ^^ 58995 units denote the amount of heat 
consumed in the mere heating of the particles. 

But, according to Joule's experiment, if the air had 
throughout been confined to one cubic mStre, and afterwards 
made to occupy two cubic mfetres without doing any work, 
the whole heat of the particles' would be the same In the 
second case as in the first. But we have seen that the mere 
heat consumed in heating the particles occupying the two 
cubic mfetres is 58.995 units ; hence ihis also will represent 
the heat required to raise the air remaining at the constant 
volume of one cubic mfetre through 27»''C. It thus appears 
that if 83.365 be used to represent the specific heat of this 
air under constant pressure, 58.995 will represent its specific 
heat of constant volume. 

According, therefore, to our usual method of measuring 
■ 58.995 
83-365 ° 

heat of air, the volume of which remains constant during 
experiment. 

Second Law of Thermo-Dymamics. 

833. Beversible engines. Having now described at 
some length the first law of thermo-dynamics and the ex- 
perimental proofs of the same, let us proceed to consider 
the second law, which relates to the conversion of heat into 
work. 
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The following proof of this law is deduced &om that 
given by Professor Sir W, Thomson. 

In establishing this very important principle recourse is 
had to a conception of Camot, to whom this branch of 
science is much indebted, although his idea of the nature 
of heat was erroneous, 

This conception is that of an engine completely reversible 
in all its physical and mechanical agencies. Such an engine 
must be supposed to have a source of heat and also a re- 
frigerator, the temperature of the first being of course higher 
than that of the second, and it produces work while it trans- 
fers heat from the source to the refrigerator. If worked 
forwards, such an engine will produce a certain amount of 
work from a certain amount of heat which leaves the source; 
but if worked backwards, owing to its perfect reversibility, 
it will, at the expense of a similar amount of work, bring 
back the same amount of heat into the source. 

834. Now it may easily be shewn that a perfectly re- 
versible engine will produce as much mechanical effect as 
can be produced by any heat engine, with the same tempe- 
ratures of source and refrigerator, from a given quantity of 
heat For let there be two beat engines A and B, of which 
5 is a reversible engine, both working between the same 
temperatures, and if possible let A derive more work from a 
given quantity of heat than B. Now if ^ be worked for- 
wards, a quantity of work W is produced by it, during the 
conveyance of a quantity of heat Q from the source of heat. 

If B were worked forwards, a quantity of work w (less 
than W by hypothesis) would be derived from the same 
quantity of heat Q\ but since B is completely reversible if 
worked backwards it would restore to the source of heat 
a quantity of heat Q by the expenditure of a certain amount 
of work w (less than W). 

Thus we have — 



AND MECffAmCAL EFFECT. 339 

A working forwards and producing an amount of work W 
by carrying heat = Q from the source. 

B working backwards and spending an amount of work iv 
(leas than W) in order to carry heat - ^ to the source of 
heat. 

But, since the work produced by A a greater than that 
spent by£, A may be made to work B, and hence the whole 
arrangement becomes self-acting; while, on the whole, the 
source neither gains nor loses heat, and work equal to W~w 
is produced during each double cycle of operations. Now, 
as far as this problem is concerned, we may suppose all the 
bodies surrounding the source (with the exception of the 
re&igcrator) to be of the same temperatiu-e as the source, 
and therefore, if the hypothesis with which we started is 
correct, we may go on continually producing work by the 
mere presence of a refrigerator, or body of lower tempera- 
ture ; while, at the same time, no heat is conveyed from the 
bodies of higher temperature which are supposed to sur- 
round this refrigerator. 

Since however, consistently with the conservation of 
energy, heat must disappear as heal in order to produce 
this work, we see that this heat must in this supposed case 
really come from the body of low temperature; that is to 
say, work is produced by abstracting heat from a body of 
already low temperature. A litde reflection will shew that 
such a' process might be carried on for ever, and would 
restilt in a perpetual motion ; but since we cannot admit 
the possibility of such a case, we are forced to conclude that 
our hypothesis is erroneous. 

But our hypothesis was, that of two engines A and B, of 
which the latter is reversible, working between the same 
source and refrigerator, A could produce more work than 
B out of the same quantity of heat. We are thus driven to 
the conclusion that under sunilar circumstances B produces 
12 • - .C.ODgIC 
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as much vork as A ; and therefore that the test of maximum 
work under given circumstances is revtrsihilUy. 

8S6. BeTereible engiiios of inflnitely BmEill range. 
In the next place let us take a mass of any substance (for 
the sake of simplicity we may suppose it to be fluid), and 
let each unit of its surface be subjected to the uniform pres- 
sure/, also let its volume be v while its temperature is /. 

Let us imagine this substance to form our heat engine ; 
that is to say, let us imagine certain operations at different 
temperatures to be performed on this substance whose result 
is that heat is trannnuted into work. 

And here it is well to observe that we need not trouble 
ourselves about the practicability of making such an engine ; 
all that we need care about is that our conception is pre- 
cise and mechanically conceivable. 

Let us reckon pressures and volumes along two axes 
at right angles to one another as in Fig. 75, and let us 
suppose otu substance to have a volume v denoted by 
og, its pressure p being represented by ag. Now, in the 
first place, let it expand from volume v to »+<&, its 
temperattu'e being kept con- 
stantly /; at the end of this 
expansion its volume may be 
supposed to be ct and its 
pressure ti, necessarily less 
than ga ; let it now, secondly, 
be allowed to expand further, 
without either emitting or ab- 
sorbing heat, till its tempera- 
ture goes down through an ex- 
ceedingly wnall range to /— t, 
(t being very small); c may 
now be taken to denote the place of the substance in our 
scale of pressures and volumes; thirdly, let it be cc^n- 
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pressed at the constant temperature t—r (differing infinitely 
little from /), so much that -viheaj/ourlhly, the volume is further 
diminished to the original volume v without the substance 
being allowed either to emit or absorb heat, its temperature 
may be /. 

838. Here, then, we have first of all two expansions, 
and next two similar compressions bringing back the body 
to its original state, and the first compression is the reverse 
of the first expansion, while the second compression is the 
reverse of the second expansion, and all are supposed to be 
extremely small. 

Evidently, therefore, the line which denotes the first com- 
pression will be parallel, but opposite in direction to that 
which denotes the first expansion, and the same will hold for 
the other two lines ; so that, provided all the movements be 
sufficiently small, the four positions of the body will be the 
four comers of a parallelogram abed. Now the work done 
by the body during the expansion between a and b (equal 
to the mean pressure on unit of surface multiplied by the 
volume passed over) will be denoted by the area abtg, also 
that done by the body between b and c will be denoted by 
the area bcki. Hence the whole work done by Ihe body be- 
tween a and e will be denoted by the area abckg. 

In like manner the ^oA. performed against the body during 
the compression between c and d will be the area cdhk, and 
that done against the body by the further compression be- 
tween d and a will be the area dhga. Hence the whole 
area ckgad will denote the whole work done asainst /he body. 

Now the difference between the area ahckg, or the work 
done by the body, and the area ckgad, or the work done 
against the body, is the parallelogram abed. 

Hence ihis parallelt^ram denotes the whole surplus work 
dom BY the body in its cycle of operations. 

837. In the next place, the whole heat abstracted from 
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Ac soarce of higher temperatiiTe / Es that required to heat 
ibe bodjr as it incieasea in volume from v to v + dv, this 
Operation being perfonned at the temperature /, while, on 
the other taxkd, when the body is finally restored to this 
temperature t it has only the volume v. 

Heat corresponding to the volume v-i-dois therefore taken 
from source (, while heat corresponding to the volume v 
b restored to this source. 

Hence the -wbok heat abstracted from source / is that 
required to increase the volume of the body at the constant 
temperature / from vtov+A>. 

This may be called M de. 

838. Let us now suppose the cycle of operations to be 
reversed, or the et^ne to be worked backwards starting 
from c and from the lower temperature /— t. 

Firsl, let the body contract in volume without giving or 
receiving heat imtil it becomes of the temperature /. 

Next, let it be ftirther contracted at the constant tempera- 
ture t through the volume dv. 

Thirdly, let it expand without giving or receiving heal till 
it falls to the temperature I—t. And 

Fourlhty, let it expand at the constant temperature I—t 
through the volume du. 

It will be seen that in this cycle the body goes from ^ to ^ 
and from ^ to a having work done upon I'l; while it goes from 
a io d and from dto c having wuri dont vet it. 

The work done ufon U is represented therefore by the 
larger area abekg, and that done bt il by the smaller area 
ckgad't and on the whole there is a surplus of work done 
vnw Iht bo<fy denoted by the parallelogram abed. At the 
name lime it will be noticed diat in the second operation, 
where iho body is contracted from v-^dv to v (going from 
6 to a) at the temperature /, there is a surplus supply of heat 
brought to the source equal to M do. 
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.339. Thus when this en^ne was worked in & direct 
manner we had work produced tii^asX to the area abed, while 
heat was drawn from, the source equal to M dv. Now when 
the engine is reversed we have aiori spent equal to the same 
area adcd; while heat is brought to the source equal aa before 
XaMdu. A body acted upon in this manner forms there- 
fore a reversible engine, and we are entitled to apply to 
it the reasoning of Art. 334, and to conclude that whatever 
be the substance employed between the limits of temperature 
/ and /— T if the heat drawn from the source or Mdv remain 
constant, the work done, or the area abed, will also remain 
constant; in other words, for the same temperature-limits 

the ratio between Mdo and the area abed, or ^—.i 

area abed 

is constant, whatever be the substance used. 

340. The area abed is easily found thus : — 

Produce cd to cut ag in e. Now area abcd = ATeA abfe, 
since they are on the same base and between the same 
parallels, but area abft -aex perpendicular distance between 
ae and h/'=aexgi. Hence area abcd-aexgi. 

Now if the operation denoted by the body going from 
c to d, namely the contraction of volume at the fixed tem- 
perature /— T, be continued until the original volume v is 
reached, that is, up to the line ag which limits this volume, 
we should be brought to the point e ; eg would thus denote 
the pressure of the body at temperature /— r and at voltmie 
v; while ag is the pressure at the same volume, but at tem- 
perature /. 

Hence ae denotes the change of pressure of the body at 
constant volume v while the temperature falls from / to 
f—T. If we consider the pressure to be a function of die 

temperature i, ae will thus be represented by ^r ; that is to 

say, by the differential coeffident of this function multiplied 
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tiy the small temperature-change r. Again, gi is evidently 
the change of volume or in. Hence — 

hiea. a&cd - ge xgi = -^r dv. 

841. Camot*B funotioiL Hence also^ 
Mdo ,. , Mdv M 



dt di 

is constant for tlie same temperature / and range r whatever 
be the substance used, but if in going from one substance to 
another we always adhere to the same value of t, or keep 
the fall of temperature the same, it will thus become a 
constant multiplier, and we may therefore dispense with it 

and assert that — is constant for the same temperature 

It 

M 
whatever be the substance used. In other words, — = ^{t)\ 

df 
that is to say, it is a function of the temperature only, and 
does not vary with the nature of the substance. 

This very important common property of all bodies was 
first discovered by Carnot. 

S42. Probable form of this ftmotitm. Since there- 
fore this function is the same for all substances, in order 
to determine its form let ua take some one body whose 
laws are best known. Let us, for instance, take a perfect 
gas, and con^der in the first place the relations which 
subsist between the temperature and pressure of such a gas 
whose volume is v. This is very easily found, for if P 
denote the pressure of this gas at o°C, its pressure at f will 
bei'(l+a/). (Art 63.) 

Now we have reason to conclude from the experiment of 
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Joule (Alt. 331) that the molecular heat of the particles of a 
perfect gas whose temperature is constant is independent of 
the volume of this gas, being the same for a great volulne 
as for a small one. The heat absorbed when such a gas 
expands at a constant temperature Js therefore the exact 
equivalent of the work done in expansion. 

Hence the mechanical equivalent of M dv, that is to say 
of the heat absorbed while the gas increases in volume at 
the constant temperature / from w to v-^dv, will be denoted 
by the work done, that is, by pdv or /" ( 1 + a/) dv. 

Hence if we use J to denote the multiplier by which our 
heat-unit must be multiplied in order to produce the me- 
chanical equivalent (that is to say, /= 424 (Art. 328)), we 
shall have — 

fMdv = Pl^j+«^dD; .-. M= ■^<^ + '^ . 

But again, since / = /" (i + a/), we have -^ =• Pa; and hence 

M /'(i+a/) i+n/ , , , 

dp' JPa " > ■ ^'' 

dt 

343. This therefore 13 most probably the true value of 

the function <^ (/), and the expression may be rendered yet 

simpler by the following assumption. 

Instead of considering oX as our zero of temperature, 
let us, while adhering to centigrade degrees take a different 
%tro to start from. Let this zero be such that our new 
temperature shall be proportional to (i+c/) so that if the 
ratio of this proportion be some number m we shall have 

New temperature - m (1 + a/). 
Hence ^ ©"C we shall have new temperature or 7^ - «; 
andati^C „ „ 7;+! -»i(i + a). 

Subtracting the upper expression from the lower, and 
since a ■ .00367 (Art. 64), we find^ 
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Hence at o^C 7^-zj2° according to our new notation, 

and generally — 

New temp.- -(i+a/°C)- - + /°Cor /°C = new temp. — -- 
Making this substitution In (i), we have — 

M ^+°H^^'"P-S new temp. , . 

It 7- ^ / ' ^'* 

dt 
344. Ferfeot engines of great range. We have 
hitherto confined our observations to a perfect engine work- 
ing (hrough an infinitely small temperature-range ; let us 
now attempt to find how much work will be produced from 
a given quantity of heat by an engine working between a 
source of temperature T^ and a refrigerator of temperature 
Tj,, according to the new scale of temperature just men- 
tioned. In discussing this problem let us (adopting the words 
of Professor Sir W. Thomson) suppose the great engine 
to consist of or to be broken up into an infinite number of 
perfect engines, each working within an infinitely small range 
of temperature and arranged in a series of which the source 
of the first is the given source, the refrigerator of the last 
the given refrigerator ; while the refrigerator of each inter- 
mediate engine is the source of that which follows it in the 
series. In order to make this reasoning perfectly clear we 
may follow out the analogy suggested by Carnot, in which 
he compares the mechanical energy derived by carrying heat 
from a body of a higher to one of a lower temperature to the 
mechanical energy of water falling from a higher to a lower 
level. The imaginary breaking up of the great engine into 
an iniinite number of small engines is thus analogous to the 
breaking up a great waterfall into a vast number of very 
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small stages. But we must not pursue the an^ogj' too 
far. 

' Now each of these small engines will in xaj time emit less 
heat to its refrigerator than is supplied lo it from its source 
by the amount which represents the mechanical work which 
it produces. Now let q denote the quantity of heat which 
such an intermediate engine discharges into its refrigerator 
in any time ; while g-\-dq denotes the quantity which it draws 
from its source in the same time ; also let / and l-\-dt denote 
the temperatures (on the new scale) of the refrigerator and 
source of this intermediate engine. 

346. Denoting as before by y the mechanical equivalent 
of unit of heat, then the work done by this small inter- 
mediate engine in the given time will be equal to 

/*. (3) 

But since dl replaces r of Art 335 — that is to say, since 
it denotes the difference of temperature between the source 
and refrigerator of our small engine — we shall have the 
following proportion : — 
Work done: heat drawn from source ot q::~ dldv: Mdv. 



Workdone.ixf^<.fX^'(Art.343). (4) 
Now since (3) and (4) are both different expressions for 
the work done, we may equate them together. Hence we 
have — 

Jdq-Jq-: andhence^- -■ (5) 

Let us now, in Fig. 76, represent the temperatures (/) (new 

scale] of the various intermediate engines by Unes of abscissas 
Starting from the origin 0; while we raise ordinates to 
denote the whole quandty of heat {g) that has passed during 
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the time under consideration through an intermediate 
engine of temperature / 
denoted by the corres- 
ponding abscissa ; and let 
us join the extremities of 
these ordinates so as to 
fonn a line. It is very 
easy to shew that this 
line will be a straight 
line. For ta-q and ec = 
dq, also Oa = i, ab -^ dL 
Now if (rf be a straight 

-.•.ab-.aO; 



The condition (5) is therefore fulfilled by a strMght line of 
this description; and indeed we may arrive at the same 
result by a direct integration of (5). 

348. Work done by perfect enginea. Having thus 
determined that the line Oed is a straight line, the work done 
by the great engine can be very easily found; for let Ts and 
Tg be the temperatures (new scale) of the source and re- 
frigerator of this great engine, while Qs is the quantity of heat 
which passes from its source, and Qg is the quantity of beat 
which passes through its refrigerator in a given lime. Qs and 
Qg are thus ordinates of Fig. 76, while T^ and Tg are the 
corresponding abscissae ; and we have, since Oed is a straight 
Ime— 




Q^:Qs: 






But »nce during a given time while the given quantity of 
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heat Qs leaves the source it is only the smaller quantity Qg 
which reaches Ihe refrigerator, it is evident from the prin- 
ciple of the conservation of energy that the difference, or 
Qs~Qr> iiust have been transmuted into mechanical effect 
Hence 

^(a-a,..^ed^) (A) 

is the quantity of work produced by the engine in this time ; 
that is (o sayj this expression represents the amount of work 
produced by a perfect engine working between temperatures 
Ts and Tg (new scale) during the time that a quantity of 
heat o 0$ is conveyed from the source. IE is unnecessary 
to notice the importance of this resuk in the theory of steam 
engines and of heat engines in generaL It is very easy to 
illustrate this conclusion by means of a numerical example. 
Let us conceive, for the sake of simplicity, an air engine 
working at a very low temperature and with a very small 
difference between the source of heat and the refrigerator. 
Let the source be of the temperature o°C, or according to 
the notation just introduced 272°, while the refrigerator is 
o.i°C lower or 271.9. Let us also sup^tose that we have a 
cylinder filled with air, of which the cross section is one 
square m&tre ; also let the whole pressure upon the piston be 
S 160 kilogrammes. Suppose now, for the sake of simplicity, 
that the contents of the cylinder are 2159 cubic metres, and 
in the first place let the piston rise one m&lre high, the temT 
perature remaining the same. The air in the cylinder will 
now occupy 2160 cubic metres, and the pressure on the 
cylinder, which varies inversely as the volume of the air, will 
now be 2159 kilogrammes, so that the mean pressure during 
the rise of the piston was 2159.5 kilogrammes, and this was 
raised one mfetre in height — work has therefore been done 
by the air during this Dperation equal to 2159.5 units. Now 
ne know by Art. 331 that no internal work has been done in 



350 RELATION BETWEEN HEAT 

separating the particles of dr from one another, and since 
the particles themselves are of the same temperature as 
before, the only expenditure of energy has been that re- 
quired to lift the weight, so that 3159.5 kilogramm^tres must 
represent the energy of the amount of heat of ajz" tempe- 
rature required for this expansion. This is the first operation 
of Art, 338 ; the next is to allow the air to expand farther, 
without either giving out or receiving heat, until the tempe- 
rature falls through o-i^C. Now we know both by experi- 
ment and calculation that in order to produce this fall of 
temperature the piston must rise 1.915 metres more, and 
hence the pressure at the end of the rise will have fallen, 
both on account of the increase of volume and the diminu- 
tion of temperature. It will now have become 
2160 27r.Q 
3159 X —7 X — — - = 3156.204 

kilogrammes, and the mean pressure during the ascent will 
therefore have been 3157.647 kilogrammes, while the work 
done will have been 2157.647x1.915-4131.894 units of 
work. 

Let us now proceed to the reverse operation and condense 
the gas. The air has now the temperature 271.9°, the 
pressure 2156.294 kilogrammes, and the volume 2161.915 
cubic metres; let it now be suffered to contract at this 
constant temperature through 1.000886 m^tre. At the end 
of this contraction its pressure will have become 

kilogrammesj and the mean pressure during the operation 
will have been 2156.793 kilc^rammes, and the work done 
upon the air will have been 2158.704 units. In the next 
and last stage let the air still contract, neither receiving heat 
nor giving it out through the remaining 1.914114 mbtres, 
until when at the end it will be found to have regained at 



AND OTHER FORMS OF ENERGY. 377 

Andrews has also made experiments from which it may 
be inferred that the quantity of heat given out when dif- 
ferent acids combine with an equivalent of the same base 
is nearly the same, while however the same acid combined 
with different bases produces different amounts of heat. 

376. n'sture of flame. This may be the fittest place to 
say a few words on the nature of flame, for the knowledge 
of which we are much indebted to Davy. 

Let us take a flame of ordinary gas. 

This substance consists of carbon united to hydrogen, and 
is perfectly transparent 

Now when a gas flame is lit we find the lowest part nest 
the burner to have a very feeble luminosity; this part con- 
sists of gas more or less heated which has just escaped from 
the pipe but has not yet united with the oxygen of the air : 
its temperature is not perhaps very high, but even if it were 
high, so long as this gas does not change its nature it will 
give out but little light, the reason being that it absorbs but 
little (Art. 221). As this gas proceeds upwards it comes 
into the presence of the oxygen of the air and unites with 
it; and the results of this union are certain products the 
exact composition of which is uncertain, but which both 
absorb and radiate much more than the lower stratum of 
heated gas. 

376. Heat absorbed when salts dissolve, trad the 
converse of this. During the solution of salts in water 
heat is generally absorbed, and the temperature of the liquid 
falls; nevertheless in a Tew cases there is an evolution of 
heat when certain anhydrous salts are dissolved. 

This is probably due to the preliminary formation of a 
solid hydrate, 3 process which is generally accompanied by 
heat, as for instance, when hydrate of baryta is formed. 

On the other hand, heat is evolved during the deposition 
of a solid from a supersaturated solution. 
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2,11. Heat evolved during the solution of guies. 

We have already noticed (Art. 134) that when a gas is ab- 
sorbed by water a considerable evolution of heat takes place. 
We may suppose that this consists not only of the heat due 
to chemical combination, but also of that due to the latent 
heat of gaseity which is evolved wh,en the gas passes from the 
gaseous to the liquid state. 
Thus — 

1. When water unites with a gas and the product is liquid, 
we have great heat developed. 

2. When water unites with a liquid (such as sulphuric 
acid) and the product is liquid, we have generally still heat ; 
but 

3. When water unites with a solid and the product is 
liquid, we have often an absorption of heat; while 

4. If the product is solid we again have heat. 

In the cases now described it would seem to be change 
of condition as much as chemical action which determines 
the result as far as heat is concerned. 

Heat is also produced when a gas condenses on the sur- 
face of a solid. 

Pouillet has also shewn that heat is produced in capillary 
action. 

378. Transmutation of heat into the potential 
energy of ohemioal separation. When certain bodies 
are heated they are decomposed; thus, for instance, when 
carbonate of lime is heated it gives out its carbonic acid, also 
when slaked lime is heated it gi^es out its water and is 
changed into quick lime. Heat is thus transmuted into the 
potential energy of chemical separation. 

Radiant heat (more especially those rays which are called 
~ chemical rays) may be directly transformed into the p(dendal 
energy of chemical separation. 

Thus when such rays fall upon chloride of silver we 
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have a chemical change produced which is made use of in 
photography. 

It is believed that this change consists in the decomposition 
of the salt into its constituents, and that silver is deposited. 

Again, when certain rays of the sun fall upon the leaves 
of plants they become the means of decomposing carbonic 
acid into osygen and carbon, the former being set free and 
the latter assimilated by the plant. 

CONKEXION BETWEEN HkAT AND THE POTENTIAL 

Energy of Electrical Separation. 

379. We have already noticed (Art. 167) that when cer- 
tain crystals are heated there is a development of statical 
electricity. 

The most prominent laws of the relation between heat 
and other forms of energy are those which have now been 
given. 



CHAPTER V. 

Dissipaiien of Energy. Sources of Energy. Comluding 
Problems. 

Dissipation of Energy. 

360. It will have become apparent from the preceding 
chapters that we can no more create energy than we can 
create matter, and that all we can do is to make the best 
possible use of the store of energy at present existing in the 
universe around us. 

., Un.glc 
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Now some forms of energy are of more service to ua 

than others, and we ought therefore to enquire which of the 
various forms of energy are the most serviceable and which 
are the least so. Having come to definite ideas on this sub- 
ject it becomes one of the most interesting, as well as one of 
the most important, problems to look around us and review 
the various stores of available energy which have been put at 
our disposal by the Author of the Universe. 

381. We have already seen (Art. 317) that a machine 
only transmutes energy from one form to another, and that 
in consequence it is impossible for any machine unless 
supplied with energy of some kind, either continuously or 
periodically, to go on doing work ; and that in this sense 
perpetual motion is impossible. 

It will also be seen by Art. 334 that we may ijaodify the 
usual conception of perpetual motion in a way that will 
render it not inconsistent with the law of the conservation 
of energy, although it is nevertheless equally impossible. In- 
deed, it will appear that the reasoning of Chapter II of this 
book is founded on the assumption that it ts impossible to 
' convert heat into mechanical energy by abstracting it from 
a substance of lower temperature than the substances around 
it, because if this were possible a perpetual motion would 
be possible also ; nevertheless, such a perpetual motion is 
not inconsistent with the principle of the conservation of 
energy. Now when we come to examine more closely into 
the results of this chapter we see that the impossibility of 
this form of perpetual motion is intimately connected with 
the fact that heat tends to diffuse itself. 

382. The following example will make this plain. Sup- 
pose a machine to perform work in a room that neither 
conducts nor radiates heat to other bodies; that is, m fact, 
isolated as far as regards the reception or communication of 
energy with the rest of the universe. 
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Suppose, further, that the source of this machine is sup- 
phed with heal, and that in consequence of this the machine 
does work. Next suppose ihat this work, by means of 
friction or otherwise, is immediately reconverted into heat, 
and then carried again to the source of the engine. 

Will'not such an engine, it may be asked, go on working 
forever? There is nothing in the law of the conservation 
of energy that forbids this result, for the energy of the 
c:hamber is supposed to he constant, while a constant pro- 
portion of this energy is supposed to exist always in the 
shape of mechanical work. The possibility of ihis arrange- 
ment is connected therefore with the possibility of wholly 
reconverting the heat produced by the mechanical motion 
into motion, which is again to be converted into heat, and 
from heat into motion, and so on for ever. 

To assume themost favourable circumstances, let us sup- 
pose that there is absolute zero of temperature in the chamber, 
except at the source of the engine ; then, assuming the truth 
of the results of Chapter II, we may conclude that if a quan- 
tity Q of heat be taken from the source it will be wholly 
converted into work. Suppose, again, that ihe work is re- 
converted into heat in a box similar to ihe chamber itself — 
that is to say, neither conducting nor radiating heat—and 
that this heated bos is taken back to the source, reconverted 
there entirely into work, and so on. 

No doubt this arrangement would be, in its literal sense, 
a perpetual motion — but not in the technical sense, as no 
external work is produced. When, however, we come to 
analyse the conditions we have imposed upon (he materials 
employed, we find that they are such as never occur in 
nature ; there is, in fact, no body that neither conducts nor 
radiates heat, and it is this tendency to diffusion in heat that 
prevents the arrangement from Being possible. Owing to 
this tendency it is impossible either to procure a chamber 
..- .Coogic 
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which neither conducts nor radiates, or to prodnce a perfect 
zero of temperature. Now this latter is quite essential to 
the perpemity of our supposed arrangement; for, without 
such a zero, while all the work is converted into heat only 
a portion of the heat is reconverted into work. 

The work will thus at every cycle bear a continually 
diminishing proportion to the heat, and the final result will 
be a uniform distribution of this latter form of energy. 

383. This example, in which the results of Chapter 11 
are taken for granted, forms of course no new proof of the 
impossibility of this kind of perpetual motion, because the 
assumption of this impossibility is the foimdation of the 
argument of that chapter. But the example serves to shew 
that this impossibility is intimately connected with the dif- 
fusive nature of heat. 

384. All this has been clearly shewn by Professor Sir 
W. Thomson, to whom the principle of the dissipation of 
energy is due. 

He has shewn that when mechanical energy is transmuted 
into heat by friction or otherwise there is always a degrada- 
tion in the form of the energy ; and inasmuch as this heat 
cannot be entirely converted back again into work, from its 
diffusive nature, the final result of continually converting 
mechanical motion into heat will be that the amount of me- 
chanical motion obtainable from the system will be always 
ffrowing less, until ultimately all the energy has taken the 
unavailable form of equally diffused heat. 

That this form of energy is unavailable will be acknow- 
ledged at once by recalling to mind the statement that 
to get work from heat you must have bodies of different 
temperatures. 

386. Suppose now that we have a ton of water at loo^C, 
while all the other substances around us are at o°, we have 
in this ton of water an instrument capable of affording us a 
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certain amount of mechanical work by using it as the source 
of a perfect engine. There is a certain amount of available 
work in this ton of water, and do what we may we cannot 
get it to give more, although it may very probably, if im- 
properly used, give less work. It would appear that by no 
artifice can we increase this amount, any more than we can 
increase the available work of a head of water of given 
contents of height and fall. 

It might perhaps be thought that ihls would be possible 
if we could convert the heat of this water into the potential 
energy of chemical decomposition; could we not use it 
to decompose a certain amount of some compound sub- 
stance whose components have a great attraction for one 
another, so that by the reunion of these components a 
very high temperature might be produced; the heat of 
lOoX would thus be converted into heat of a higher tem- 
perature which would be more available i or might not 
the radiant heat from the water be used to produce some 
kind of chemical decomposition, and thus the same result 
be obtained ? 

It is believed that any such result is, to say the least, 
unlikely : in fact, it has been remarked by Thomson that an 
intimation to this effect seems to J>e given by nature, for we 
have no reason to think that either absorbed or radiant heat 
of low temperature is easily capable of producing powerful 
chemical changes of this nature. 

There is no reason to think that this stratagem of bringing 
in chemical decomposition will increase the amount of avail- 
able work to be obtained from one ton of hot water, and in 
our ignorance of the ultimate constitution of matter it would 
appear that the principle of the degradation and dissipation 
of energy, just as that of the conservation of energy, should 
be recognized as a principle having very strong claims to 
recognition, and as increasing these claims every day by the 
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new &cls which its employment as an instrument of research 
is constantly bringing to light. 

At the same time it is bnt just to state thai the principle 
of the conservation of energy is at present more fully 
established than that of the dissipation of energy. 

886. Regarding, therefore, uniformly diffused heat as a 
form of energy utterly unavailable, and regarding mechanical 
energy as ultimately tending to assume this degraded form 
when it is reduced by friction, percussion, or otherwise, the 
question arises, Are there any influences at work tending thus 
to degrade the motions of the universe? Now we know 
very well that all motions on the surface of our earth ulti- 
mately tend to be dissipated and converted into equally 
diffused heat ; we know also that the heat of the sun and 
stars tends to assume this degraded form; but does the same 
reasoning apply to celestial motions p This leads us to ask 
if there is a material medium pervading space ; and also if 
we have any reason to believe iis properties to be such that 
something analogous to friction takes place : if so, the result 
would appear to be the conversion, at a rate more or less 
rapid, of the mechanical energy of the universe into the 
degraded form of diffused heat. 

387. Uodium perradmg space. We have several 
reasons for assuming the existence of such a medium. 

I. The various phenomena of light are best explained on 
the supposition that this agent consists of undulations in a 
medium pervading space. 

z. The continual shortening of the path of Encke's comet 
may perhaps lead us to the same conclusion ; that is to say, 
to a belief in the existence of a material medium pervading 
space. 

3. We may here allude to certain experiments performed 
by the author of this work and by Professor Tait, in which a 
disk of metal or of ebonite was made to rotate with great 
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rapidity in vacuo. In consequence of this rotation the sub- 
stance of the disk was found to be perceptibly heated, and 
the beating effect appeared, in part at least, to be independent 
both of [he chemical nature and of the pressure of the 
residual air which remained in the vacuum chamber. 

4. The theory of energy affords us a proof in favour of 
the existence of a medium capable of ultimately stopping all 
differential motions. 

For let A B (Fig. 80) represent an enclosure of constant 
temperature, say o'C, and C a 
black body in this enclosure, 
of the same temperature as 
the enclosure itself, and in 
rapid motion about an axis in 
the direction indicated by the 
arrow heads. Let D repre- 
sent a diaphragm which ex- 
tends from the walla of the 
enclosure nearly to the re- 
volving body. Further, let us 
imagine that there is no gas, and nothing but the ethereal 
medium in this enclosure, and that the experiment is carried 
on in some Sf)ace devoid of the gravitating influence of a 
lai^ planet like the earth ; in fine, let us suppose the 
interior revolving body to remain suspended in the midst 
of the enclosure. Let us now consider that portion of 
the walls of the enclosure immediately to the left of 
the diaphragm, and let us suppose that it consists of a 
stratum of colourless glass. At the moment of commencbg 
the experiment we have supposed everything (enclosure, 
body, and diaphragm) to be of an uniform temperature, o^'C ; 
now it is easy to show thsU this equality will not continue. 
For (Art. 239) we have seen that the nature of the heat 
radiated by the revolving body C which fails upon the glass 
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to the left of the diaphragm will be altered in wave length 
by the rapidity of revolution of this body, for owing to the 
interposition of the diaphragm all the particles of the re- 
volving body that radiate towards this glass are at the same 
time rapidly approaching it. As far, therefore, as this glass 
is concerned the average wave lei^th of the radiation from 
C will be less than had the body been at rest, and we may, 
as far as our argument is concerned, suppose the rotation to 
be so violent that the low temperature heat radiated by the 
revolving body towards the glass is so much shortened in 
wave length as to be changed into a kind of heat, which is 
not absorbed by the glass but passes through it. On the 
other hand, the heat radiated by the glass will (Art. r95) de- 
pend only on the temperature of the glass, and will not 
be influenced by the revolving body. The glass will thus 
radiate more than it absorbs, and its temperature will in 
consequence fall. The equilibrium of temperature with 
which we started will thus be speedily destroyed, and the 
various parts of the enclosure will be of different temperatures. 
But in this case it is possible by appropriate machinery to 
convert part of this heat of various temperatures into work, for 
as soon as we have two temperatures a heat engine becomes 
possible. Now can we suppose an indefinitely large amount 
of additional mechanical work to be produced from a series 
of bodies, all of which are to begin with at the same 
temperature f We think not — the theory of energy forbids 
the supposition ; yet this is what will take place under these 
easUy conceivable circumstances, unless we suppose that the 
central body has meanwhile lost a portion of its energy of rotation 
sufficient, at any rate, to make up for the additional work which 
has been produced. In other words, we are driven to suppose that 
a body moving through ether, in such a manner as to change 
its position wiih regard to neighbouring bodies, wilt ultimately 
have its differential motion stopped by means of the meditun. 
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If,' therefore, there be a resisting medium of this nature 
pervading space, the visihle motions of the universe must 
gradually be lessened in consequence; unless indeed we 
assume the existence of some unknown completely restorative 
process; but such a process is inconsistent both with the 
principle of the degradation of energy, and also with the 
shortening of the path of Encke's comet, whatever weight 
this may have, 

There can, in fine, be little doubt that, if we suppose 
the principle of the degradation of energy to hold throughout 
the universe, it implies an element of decay, in the present 
order of things, and the final transmutation of all available 
energy inio uniformly diffused heat, unless we suppose the 
constitution of the universe to be such that this process of 
degradation will last an infinite time. 

For a clear statement of this subject we may refer our 
readers to a treatise on ' Thermodynamics ' by Professor 
TaiL. 

Sources of Energy. 

888. Let us now consider shortly the various supplies of 
energy of different kinds with which we are furnished, and 
also the uUimate sources of these supplies. 

Of potential forms of energy we have — 

1. The potential energy of fuel, 

2. The potential energy of food. 

3. The potential energy of a head of water. 

4. The potential energy derived from the tides. 

5. The potential energy of the chemical separation 

implied in native sulphur, native iron, &c. 
Then with regard to kinetic forms of energy, we have — 

6. The kinetic energy of air in motion, 

7. The kinetic energy of water in motion, 

8. We may add to this catalogue the direct rays of the 
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sun which are available for certain purposes ; tod 
also 
9. The energy that may be derived from the unequal 
temperature of different parts of the earth. 

389. Fuel and food. The potential energies of fuel 
and food are of essential importance to our existence. 

By fuel we mean certain substances which are capable of 
combining with oxygen, and of supplying us as they so com- 
bine with a Urge amount of heat of high temperature. 

Coal is the most important of such substances ; and we 
can employ it either to warm ourselves and our habitations 
by means of the heat which it produces, or as an agent for 
generating mechanical effect in our various heat engines. 

When we come to consider from what original source erf 
energy the chemical separation of fuel is derived, we see 
that it is due to the sun's rays. These rays acting upon the 
leaves of plants produce those decompositions which form 
fuel. The energy of the sun's rays have in fact been traos- 
muted into the potential energy of chemical separation. 

This fact seems to have been recognized at a compara- 
tively eariy period by Herschel and the elder Stephenson ; 
and a curious tale is current about the latter, who, though 
well aware that it was the sun that drove his engines, could 
not give a very clear explanation of the subject ; nevertiieless 
the statement is undoubtedly true. 

It is indeed true that the rays of the sun acting upon the 
leaves of plants in those remote ages when coal beds were 
being formed have laid up for man a stock of energy c& 
inestimable value. 

Food has the same origin as fuel, with the exception that 
vegetable food is being produced by the sun year by year, 
while the greater portion of our fuel, as we have just seen, 
has been produced ages ago. And here we may remark a 
very prominent distinction between vegetables and animals 
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as regards energy. Vegetables serve fa transmute ihe energy 
of the sun's rays into fuel and food. Animals, again, consume 
this food and transmute it partly into useful work but partly 
into the degraded form of diffused heat. 

Joule, Carpenter, and Mayer seem to have been aware of 
the restrictions under which living beings are placed by the 
laws of energy, and to have seen that the power of an 
animal, as far as energy is concerned, is not creative but only 
direclive. 

A clear view of this subject was probably also held by 
Rumford. Finally, Helmholtz has treated this question, 
as wdll as the whole subject of energy, in a very able 
manner. An animal is in fact an engine, and just as 
an engine must be fed with tiiel, so an animal must be fed 
with food. 

390. Head of water. We thus see that the sun's rays 
are the ultimate source of fuel and food, and we have no 
difficulty in recognizing the same cause as the origin of the 
energy derived from a head of water. It is the sun that 
produces rain by promoting evaporation ; his energy is con- 
siuned in lifting the water of the earth to a higher level, and 
we are thus enabled to make use of the potential energy of 
this elevated water. 

391. Tidal energy. The energy capable of being de- 
rived from the ebb and flow of the tides has however a 
different source. 

This was recognized by Kant; Mayer also and J. Thomson 
(the former of whom was the first to give his conclusions a 
general publicity) shewed that the ebb and flow of the tides 
being due to the earth's revolving on her axis under the 
moon's force, the energy of the tides is really taken from 
the energy of the earth's revolution; part of which is thus 
ultimately dissipated in ttie heat of friction caused by the 
tides: and the astronomical phtenomenon known as tlie 
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Secular acceleration of the moon's mean motion is now sup- 
posed to be partly caused by a very slow lengthening out 
of the sidereal day caused by loss of the earth's motion of 
rotation from this effect of the tides. 

It is clear that this action would be arrested when the 
rotation of the earlh was so much diminished that she always 
turned the same face to the moon, for then there would be 
no tidal ebb and flow and consequently no friction ; and 
Professor Frankland in a lecture at the Royal Institution, 
as well as Thomson and Tmt in their treatise on Natural 
Philosophy, have independently remarked that the much 
more powerful influence of the earth upon the fluid matter 
of the moon during the course of ages has probably stopped 
the rotation of our satellite so Jar as to cause her always 
to present the same face to the earth. We thus see that any 
work we derive from tidal action is abstracted from the 
motion of rotation of the earth. 

392. ITative aulphur, &o. The potential energy of the 
chemical separation implied in native sulphur, iron, &c., is, 
it may be, the primeval form of energy, but the amount of 
this energy SO far as we know is very small, though the 
interior of the earlh may be wholly made up of matter in an 
uncombined form. As a source of energy it is at present 
of no importance. 

393. Air and water in motion. The kinetic energy 
of air in motion, and the kinetic energy of water in motion, 
are both chiefly due to the sun. 

394. Unequal temperatnrfl of the g^obe. Little energy 
is likely to be derived from the unequal temperature of dif- 
ferent parts of the earth, for such diflferences of temperature 
are comparatively small, and consequently only a very small 
proportion of the whole amount of heat transferred from the 
higher to the lower temperature can be turned to practical 
accotmt. 
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386. Now if we group together the really serviceable 
members of the list of sources of energy, we find that 
they conast of the potential energies of fuel, of food, of 
a head of water, and of tidal ebb and flow, together with 
the kinetic energies of air in modon and of water in 
motion. All these either are or may be of immense service 
to man. 

896. Coal. Of the different forms of fuel coal is one of 
the most important, and the exhaustion at no very distant 
date of this source of energy has been of late very much and 
very properly discussed. 

There appears to be little doubt that the progress of cJviU- 
sation forces us to draw each year more and more largely 
upon our stores of coal, and there is no doubt that when 
once the deposits near the surface have been exhausted 
those at a greater depth will have a much smaller real 
value. 

For the time, the capital and the labour spent in bringing 
a ton of coal from a great depth to the surface ultimately 
resolve themselves into so much available energy spent in 
accomplishing this : now if a considerable portion of the 
available energy of a ton of coal is spent in bringing it to 
the surface, the ultimate value to us of this ton of coal is 
greatly impaired. 

If the question be asked. What shall we do when coal 
fails? the only reply is, Make as much use as possible of 
water and tidal power, and of the energy of air and water in 
motion, and plant trees. 

It is difficult to think of anything else, or to deny the fact 
that, as far as we arc able to judge, the exhaustion of our 
coal beds will be a very serious loss of power. 

397. The son. It thus appears that if we except tidal 
power, the sun's rays are the ultimate source of the avMlable 
forms of energy with which we are surrounded. 
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We cannot, therefore, do better than direct attention to 
this most wonderful source of energy, 

398. ActiDometrio obaervatlons. In the first place, 
let us' briefly allude to the attempts that have been made to 
estimate the amount of the sun's radiant energy, and then 
let us attempt to speculate on its most probable source. 

Instruments for measuring the intensity of the sun's 
radiant heat have been devised by Herschel and Pouillet. 
The instrument of the latter he calls a pyrheltometer, and 
it is constructed on the following prindple : — 

A shallow cylindrical box (Fig. 81} made of iron or steel 
is filled with mercury. Into this box, and therefore into this 
mercury, a thermometer is introduced, the stem of which is 
suitably protected. 

At the other extremity of the instrument we have a disc 
of the same diameter as the box. 

Now if the instrument be pointed in such a manner that 
the shadow of the box, thrown by the sun, coincides wilJi 
the disc, then we may be sure that the sun's rays impinge 
perpendicularly on the surface of the txix. 

The experiment counts of three parts — 

First, lei the instrument, sheltered from the sun, be per- 
mitted to radiate its heat into the clear sky for five minutes. 
Let the heat lost be r. 

Next, let it be turned to the sun for five minutes. Let the 
heat gained be R. 

Finally, let it (at its increased temperature) be allowed to 
radiate into the clear sky as before for iive minutes, and let 
the heat lost be r'. 

Now, since r deiiotes the radiation into clear sky before 
heating, and r' the same alter heating, the radiation into the 
clear sky during the heating will be very nearly a mean be- 
tween the two, or ; but it is evident that this radiation 

,,.,=. Copgic 
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takes place even when the instrument is receivii^ the sen's 
rays, and tends therefore to diminish the heating effect pro- 
duced by these rays. 

Hence, therefore, the whole heating effect will be — 




Fig. 81. 

- It having occurred to the writer that it would be desirable . 
to construct an actinometer in which the causes of variability 
are reduced to a minimum, he attempted to do so in the fol- 
lowing manner :— 

The instrument consists of a large mercurial thermometer 
with its bulb in the middle of a cubical chamber of brass, 
this chamber being so massive that its temperature will 
remain sensibly constant for some time (the bulb is denoted 
by dotted lines in Fig, 83).' The chamber with its ther- 

* For this lignre I an Indebted to the kindness of th« Science and 
Art depftrtmoit, Soath KemJngtoD. 
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momeler has a. motion in azimuth round a vertical axis, and 
also a motion in altitude round a horizontal axis. 

A lens of suitable aperture {which may be varied by 
diaphragms), and also of appropriate focal length, is attached 
by means of a rod to the cubical chamber, so as to move 




with it Thus the whole instrument may be easily moved 
into such a position that the lens, as well as the upper side 
of the chamber (which is parallel to the plane of the lens), 
may face the sun, and an image of the sun be thrown 
through a, hole in the side of the chamber upon the thermo- 
meter bulb. This hole is covered or uncovered by means of 
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a slide. In the accompanying sketch the beam of rays fall- 
ing through the uncovered hole upon the bulb is represented 
by dotted lines. Of course this hole is only uncovered 
when an observation is being made. The stem of the ther- _ 
mometer protrudes from the chamber as in the figure. A 
screw, somewhat larger in diameter than the bulb of the 
thermometer, is made use of in order to attach the thermo- 
meter to its enclosure ; and a smaller screw, pressing home 
upon india-rubber washers, enables the thermometer to be 
properly adjusted, and kept light when in adjustment. 
. The stem is about 18 inches long, and about five degrees 
go to the inch, thus the scale is very open. The stem is 
protected from the risk of accident by an appropriate shield. 
By means of a stem of this length it is probable that 
sufficient range will be secined to provide for observations 
all the year round at most stations. It may, however, be 
that in certain localities the summer temperature is very high 
and the winter temperature very low. In such a case it will 
be desirable to have two thermometers, one for winter and 
one for summer use ; the scale of the one overlapping that 
of the other to some extent. 

The massive brass chamber is lined with a covering of 
felt, and this again is surrounded by polished brass plates. 
■ By this means the heat of the sun will be to a great extent 
reflected off, and that which is absorbed having to pass 
through the felt, which is a bad conductor, will only be able 
to raise with extreme slowness the temperature of the massive 
brass chamber within. 

In such an instrument, therefore, r and / will be very 

small, and we may be quite certain that Ii-\ will 

accurately represent the heating effect of the sun. 

The sketch now given exhibits an improvement introduced 
by General Strachey, consisting of a graduated arc by which 
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the snn's aJtitude during an observation can be reaS off with 
a BufScient amount of accuracy. 

Observations liave been made by Herschel and Forbes 
with Herschel's actinometer, and by Pouillet with Iiis own 
instrument. 

From all these observations it is probable that, taking tiie 
earth's hemisphere which is illuminated, one half of the 
radiant heat of the sun may perhaps reach the ground, the 
other half being absorbed by the atmosphere. Taking this 
into account, and imagining for a moment tliat the earth 
has no aimospli^re, it is calculated that the amount of solar 
heat received by the earth in one year would liquefy a layer 
of ice, too feet thick, covering the whole suiface of the 
earth. 

If we bear in mind that the solar heat which reaches the 

earth in any time is only — of the heat which 

2,300,000,000 

leaves the sun, we may obtain some idea of the enormous 

heating power of the radiation from our luminary. 

809. Origin of the sun's heat. The most plausible 
theory of the origin of the sun's heat is that which supposes 
that the primeval potential energy of gravitation has been 
converted into heat for the sun's particles. 

The rudiments of such an idea seem to have occurred to 
Mayer and to Waterston ; but Helmholtz and Thomson have 
worked it out in such a manner as almost to prove that 
there is no other known power capable of producing such a 
stupendous result. 

According to this theory we may imagine the particles of 
matter when originally produced to have been at a distance 
from each other, but endowed with the pOwcr of gravitation, 
forming in fact a chaotic mass. 

As these particles rushed together heat would be generated, 
just as when a stone is hurled from the top of a precipii^ 



CONCLUDING PROBLEMS. 397 

heat is the ultimate form into which the potential energy of 
the stone is converted. 

It is probable that this cause, \yj storing up an amount of 
heat in the sun, is sufficient to account for his wonderful 
outpouring of light and heat dtuing a long series of ages. 

We are thus led to regard our onn sun and other sung, 
in fact the whole visible universe, as an existence which 
had its beginning in a chaotic state of particles endowed 
with gravitating force, and which will come to a termination, 
at least as far as useful energy is concerned, when the heat 
into which the other forms of energy are being gradually 
converted shall have been equally diffused throughout the 
whole mass. 

It ought however to be borne in mind, that our knowledge 
of the laws of matter is in reality very limited. 

Concluding Problems. 

400. Before concluding this treatise let us bring before 
our readers a few problems connected with the dynamical 
theory of heat. 

401. Effect of presHure in lowering the freezing- 
ptnnt of water. In a previous part of this work (Art. 92) 
It was mentioned that the application of pressure lowers the 
freezing-point of water, and that Professor J. Thomson 
was the first to suggest and prove that this would be the 
case, while the experiment was first made by Professor Sir 
W. Thomson. 

The following explanation of this effect of pressure upon 
ice is that given by Professor J. Thomson. 

Suppose we have a quantity of mercury constantly kept 
at o^'C as our source of heat, and also a quantity constantly 
kept at— r'^C (t being small) as our refrigerator. Suppose 
also that we have a cylinder, of which the sectional area is 
one square m&tre, and that this cylinder contains one cubic 
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mfetre of water at o^C ; the water will thus be one m^re high 
in the cylinder, Suppose now that a pressure equal, let us 
say, to one atmosphere of 760 millimetres of mercury - 10333 
kilogrammes (Art. 33a) is placed above the surface of the 
water in this cylinder, and imagine, for the sake of simplicity, 
Ihat the specific heat of the materials of the weight and 
of the cylinder is exceedingly small, so that if heated or 
cooled it is merely the specific heat of the water that we 
have to consider. 

Let this arrangement be now used as a heat engine, and 
let us first suppose that the cylinder is placed in the mer- 
cury at o^C. Let it next be taken out of this mercury (the 
contained water being unfrozen) and plunged into the mer- 
cury of the refrigerator at — r°; the water will in course of 
lime be frozen, and while freezing it will expand and finally 
occupy 1.089 cubic metres; hence the weight of 10333 
kilogrammes will have been raised nearly .09 mfetre, Sup- 
pose now that the cyhnder is again transferred to the 
mercury at o'C, the ice in the cylinder will in course of time 
become water and occupy once more its old level one mfetre 
high in the cylinder. There will thus be a void space equal 
to .09 of a m^tre, through which the weight may be made to 
fall, thus doing useful work when the process of melting is 
finished. We have thus obtained work = 10333 ^ ■°9 = 9^9-97 
kilogrammfetres for every cycle of operations. Now during 
each cycle it will be seen that an amounl of heat equal to the 
latent heat of fusion of a cubic mfetre of water is conveyed 
from the higher to the lower temperature. We thus know 
(he quantity of heat conveyed from the source to the refrige- 
rator as well as the quantity of work done. But we also 
know that this arrangement (Art. 334) cannot possibly give 
us more work under the circumstances than a perfect engine : 
in fact we shall see at last that the arrangement is a perfect 
engine ; hence it follows that there must be a certain difference 
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in temperature between the source and the refrigerator. This 
difference of temperature is easily found. 

The latent heat of fusion of a kilogramme of ice (Art. 306) 
is 80 heat units, and hence that of a cubic mfetre of water, 
or 1000 kilogrammes, will be 80,000 heat units. Multiplying 
these by their mechamcal equivalent, or 424 (Art. 328), we 
find the total amount of energy transferred from the higher 
to the lower source during a complete cycle to be 33,920,000. 
But we have seen that during this process mechanical energy 
= 939-97 is obtained. Now we know by Art. 346 that in a 
perfect engine the- energy utilized bears to the whole energy 
of the heat carried from the source to the refrigerator the 
same proportion as the temperature differeiKe between the 
source and refrigerator does to the absolute temperature of 
the source. 

Hence, since 272" (Art. 343) is the absolute temperature 
corresponding to o°C, we have the following proportion — 
33,920,000 : 929.97 : : 272 : r; ,-, r - .oo75°C. 

Now if the pressure under which the water expands into 
ice be doubled or become two atmospheres, twice as much 
work will be done by this arrangement and twice the above 
temperature difference between the source and the refrigerator 
will be absolutely necessary; in fact, for each atmosphere 
of pressure it is necessary to have a difference of .Oo75°C. 
This is only another way of stating that for each atmosphere 
of pressure the freezing-point of ice will be reduced ,oo75°C. 
For a pressure of 16.8 atmospheres this would give .126*^0, 
a result which agrees very closely with the temperature 
reduction in the freezing-point of water found experiment- 
ally by Professor Sir W. Thomson for this same pressure. 

A little consideration will shew that the arrangement we 
have here sketched for producing work by means of the 
freezing of water is in reality a perfect engine. 

402. Temperature, If we refer to Art. 67 of this 
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work it will be found that the whole subject of temperature 
has been left in a somewhat unsatisfactory condition. 

When we analyse our conception of temperature we find 
it to be this — 

If two bodies, such as water and mercury, be brought 
tt^ether, and if neither parts with any of its heat to the 
other, then each of these two bodies is of the same 
temperature. If the water parts with some of its heat to 
the mercury, the water is s^d to be of a hig-her temperature 
than the mercury. On the other hand, if the water receives 
heat from the mercury, then the water is said to be of a 
lower temperature than the mercury. 

It will be seen that this definition of temperature is veiy 
similar to our definition of hardness. If when two bodies 
are brought together A scratches B, then A is said to be 
harder than B; but if ^ scratches A, then B is said to be 
harder than A. 

Now by means of this definition of temperature or of 
hardness we are quite able to construct a scale of tempera- 
ture or of hardness in which we are certain that a t>ody 
having a definite place in the scale shall be less hot or less 
hard than that above it, but more hot or more hard than 
that below it. We may be able to do all this without at the 
same lime being able to estimate either temperature or hard- 
ness quantitively, and without being able to say that the 
temperature or hardness of a certain body is precisely half- 
way between the temperature or hardness of two other bodies. 

It may, however, be asked. Do we not then measure 
temperature by means of thermometers? To this it may 
be replied. We do not measure temperature : by liquid 
thermometers we measure expansion; by the ^r thermo- 
meter either expansion or pressure. 

We insert a liquid into a glass envelope, and finding that 
3 in bulk a certain amount between o° and loo^C, 
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we assume that half the increase of bulk will denote a 
temperature half-way between these two points. 

We then Xxj different liquids and make them into standard 
thermometers, but finding they disagree slightly among 
themselves, we pronounce them unsatisfactory. 

We then try pennanent gases of sufficient tenuity, and 
finding that while they all slightly disagree with liquid 
thermometers they quite agree amongst themselves, we 
consider them satisfactory, 

408. Before proceeding further it is well to observe that 
some very eminent scientific men have supposed that our 
subdivision of a certain temperature difference is in the 
nature of things arbitrary, and that all we can do is to sub- 
divide this difference between two temperatures by means of 
a certain instrument which may be easily reproduced and 
always remains comparable with itself. Thus, for instance, 
if we can blow bulbs of invariably the same kind of glass, 
these when filled with pure mercury will form thermometers 
always comparable with themselves, and will thus afford us 
a thermometric scale. But if we fill these bulbs with water 
instead of with mercury, we produce another set of thermo- 
meters also comparable among themselves, but not quite 
comparable with the mercurial thermometers. 

It may be asked. Which of the two are we to adopt P 

It may also be asked, Even if our mode of subdividing a 
temperature difference be essentially arbitral^, may not some 
one conventional mode be lietter than others ? 

Now if we take permanent gases of sufficient tenuity we 
know that by their means we can produce thermometers 
comparable with one another, even although we vary the 
nature of the gas. In such thermometers we measure 
either the vobtmt or thtprtssure of the gas. But if instead 
of measuring the pressure or the volume we measure the 
fuanlity of heat that infers into our gas on the convention 

Dd '■^- .'..OOgk- 
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that equal increments of heat denote equal increments of 
tetnpferatnre, we here obtain a scale precisely the same as 
that obtained by measuring the volume or the pressure of 
the gas, Mnce the specific heat of the permanent gases 
remains constant. 

Yet, again, Professor Sir William Thomson has shewn 
that if we measure a lemperaCure difference by the proportion 
of a certain quantity of heat Q, passing from the higher to 
the lower temperature, that is capable of being converted into 
mechanical effect {Art. 346), we obtain a temperature scale 
holding for all bodies, whether liquid, solid, or gaseous, and 
also precisely the same as that of the air thermometer. 

Finally, in the case of gases of which the molecular con- 
stitution is comparatively simple we have some grounds for 
supposing that we have at length succeeded to some extent in 
ascertaining what kind of motion constitutes heat. Accord- 
ing to this theory, which has been lately greatly developed by 
Clausius and Clerk- Maxwell, the particles, of gases are sup- 
posed to be in continual motion backwards and forwards on 
account of the heat they contain ; in fact, they knock against 
the sides of the containing vessel, and it is this knocking 
that constitutes the pressure ; also on this account they tend 
to intermingle with one another even against the influence 
of specific gravity, and it is this which constitutes gaseous 
diffusion. We thus see why the pressure of a gas increases 
when it is heated. 

404. Uolecniar theory of gases. Here it may be well 
to consider some of the chief results of the theory to which 
allusion has just been made. For further information the 
reader is referred to Professor Clerk- Maxwell's book on the 
Theory of Heat. 

The dynamical theory of gases was first suggested by 
Daniel Bemouilli, and was afterwards extended by Lesage, 
prevost, Herapath, Joule, and KrSnig, but we are indebted to 
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Clausius find especially to Clerk-Maxwell and Boltzmaim for 
the great development which has receudy taken place. Still 
more recently Crookes has made important experimental 
investigadons, while Professor O. Reynolds has added much 
to the theory of the subject. 

406. It is assumed in this theory that all bodies consist of 
molecules with spaces between them of a greater or less 
extent. The structure of matter is thus a grained one, and 
we have even some reason to believe that we have been 
able to form a rough estimate of the size of these grains. 
The molecule is the smallest part of a substance that is 
capable of possessing all the chemical properties of the sub- 
stance ; thus a molecule of chloride of sodium is still chloride 
of sodium, but if we suppose it to l)e further divided it will 
split up into two distinct things, namely, chlorine on the one 
hand, and sodium on the other. A single molecule may, 
and generally does, consist of various portions of matter, 
these being bound together by chemical forces, and bound 
together in a very strong way. In solids, besides the forces 
which hind together the various constituents of molecules, 
there are also strong forces, binding together the various 
whole molecules, and these forces are comparable in inten- 
sity, it may be, to the forces which bind together the various 
parts of a single molecule — from which it follows that in 
solids there are definite and in general very narrow limits to 
the excursions of the molecules. 

In liquids, however, there are fewer restrictions to such 
excursions, while in gases a molecule has very great freedom 
of motion. Therefore in a heated gas we may imagine 
a molecule in virtue of the motion whose energy we call 
heat to move a considerable distance before it encounters 
another molecule — in other words, to have a comparatively 
great free path. For the greater part of its excursion such 
a molecule may be supposed to move in a straight line, but 
Dda I- - .C.ooglc 
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ultimately it encounters either another molecule or the side of 
the containing vessel, and the result is a change in its motion. 

406. The number of such molecules being very great it 
is impossible to keep a record of the varying parts of the 
path of any one individual, so that, in studying these en- 
counters and their results, we must resort to the statistical 

' method of inquiry by which we may often obtain very great 
knowledge of the laws that regulate communities while we 
are yet in profound ignorance of individual experiences. 

407. Now a little consideration will render it evident that 
in this molecular warfare the tendency is not to a uniform 
distribution of velocity among the particles, and that if we 
imagine such a state to exist for one moment the next 
moment it would be destroyed. For one particle may have 
its velocity entirely stoppied by an encounter, while another 
mowng previously with a very great velocity may nevertheless 
have its velocity increased by an encounter at right-angles. 

408. Nevertheless there is a tendency towards a certain 
average velocity among the particles, because, if we are 
dealing with gas of constant temperature it is clear that 
the whole amount of molecular energy remains constant. 

We cannot therefore imagine that a considerable pro- 
portion of the particles can have at any moment a velocity 
differing very greatly from the average, as for instance % 
very small or very great velocity. In fine there must be 
few particles that at any moment possess a velocity greatly 
differing from the average compared with the number that 
possess a velocity nearly coinciding with the average. 

409. Now inasmuch as we are pursuing the statistical 
method of inquiry, let ua distribute the molecules into groups, 
according to the velocity with which they are moving— each 
group comprehending velocities between certain limits. 

Doubtless if we take a very great (almost infinite) number 
of groups and regard each for an exceedingly small interval 
,.- .Coogic 
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of time it may chance that the number of molecules belong- 
ing to the group may vary from one moment to another. But 
if we regard only a finite, though large number of groups,. 
and study each for considerable successive intervals of time, 
such as minutes for instance, there is then no reason why 
the number belonging to such a group should be greater 
during one minute than another. The law however of the 
distribution of the velocities amongst the various groups of 
molecules is given by means of a mathematical investigation 
which we cannot here reproduce. 

410. Again, since it is the energy or vis viva of the 
whole system that remains constant, and since energy is 
proportional to the square of velocity, in our investigations 
it is best to consider the mean of the squares of all the 
velocities — this is called the Mean Square of Ihe velodfy, and 
its square root is called the Velocily 0/ Mean Square. 

411. One of the most important questions is to determine 
what will happen when in the same vessel we have two 
different kinds of gas, the molecules of which have different 



Now it may be shewn by means of the same mathematical 
investigation which gives us the law of distribution of 
velocities where we have only one kind of molecule, that 
when we have two kinds the average kinetic energy of 
agitation of the one set will be equal to that of the oiher. 
In other words, if we have the same number of molecules 
of both kinds thus existing at the same temperature, then 
the one set will have the same kinetic energy of agitation 
as the other. We caimot however reproduce this investi- 
gation here. 

413. The dynamical theory gives us an easy explanation 
of the pressure of a gas. 

Let us begin by ima^^ing a plane surface of unit area 
\fl form part of the enclosure of a vessel containing gas. , 
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Again, let ns take those molecules of which the velocity-com- 
ponent differs very little from u in a direction perpendicular 
to, and moving towards this surface, and let us denominate 
by the letters v and lo all velocities in two other direc- 
tions parallel to the plane and perpendicular to each other. 
Let us stippose there are N such molecules in every unit 
of volume and that the mass of each is M. Then evidently 
a number of such molecules represented by Nu will strike 
this area in tmit of time, and the resolved portion of the 
momentum of each in a direction perpendicular to the area 
will be Mu. Hence the momentum due to such molecules 
reaching the area and striking against it will in unit of time 
be MNu\ 

4ia Now if we petfonn the same operation for every 
Other group of molecules moving towards the surface plane, 
we shall obtain a sum which we may represent by MI'S. (iVw*) 
as denoting the whole momentum that impinges perpen- 
dicularly against the plane in unit of time. 

Again, since the elasticity is supposed to be perfect in the 
molecular impacts we are now considering, we may imagine 
the impinging particles to rebound from the enclosure and to 
form in consequence of this rebound a current of particles 
coming from the enclosure, the vis viva of the return cur- 
rent being the same as that of the advancing current, but the 
resolved portion of the velocity in a line perpendictilar to the 
enclosure being reversed in direction. That is to say, the 
action of the enclosure has not only stopped the advancing 
particles but reversed their momentum. This corresponds to 
a pressure against the enclosure represented by twice the 
momentum or by zMi (iVw'), 

414. Here let us pause for a moment, and consider the 
result to which we have been led. 

Taking a plane surface perpendicular to the direction of 
one of the components », and considering the molecules 
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that were moving towards this plane, we have obtained an 
esprcssion for the pressure. We find that 

Pressure or ^ = a Ml. {A^«') ; 
or in other words 

Now had we taken a similar plane perpendicular to the com- 
ponent V we should have obtained another expression for the 
pressure as follows — 

p-2,M{N\v*-\-N(v*-^tK. &c.}, 
and another similar expression might be obtained for the 
component w. But when a gas is at rest the pressure is 
equal in all directions, and hence the first of these expres- 
sions must be equal to the second and the third. And not 
only must this be so, but likewise must N, for unit of 
volume (for a cubic inch for instance), be the same for v and 
w as for u — when v q\ w happens to be equal to u\ that is 
to say the number of molecules in unit of volume that have 
a given velocity-component in one direction is equal to the 
number of molecules that have the same velocity- component 
in any other direction. 

Now the expression Ml {NW) may be taken to repre- 
sent for unit of volume the sum of the products of the mass 
of each molecule into the square of its total velocity, if we 
regard only those molecules that are moving towards the 
surface-plane not those that are moving from it. But the 
square of the total velocity, or F',-«'+i''+m''. Hence 
it follows that 

Mt(Ny^)~M{N^u^-\-&z.}-\-M\N\v^-V^i:..\ 

■>rM{N'\w^ ■^&.z.\. 
And since from what we have just said the three right-hand 
expressions are equal to each other, term for term, it follows 
that 

Jft (JVf") - 3 Ar(iV,«,«+&c.) -zM% (iW). 

:.,-...C00glc 
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Again, the mtan square tfthe velocity (Art. 410) is evidendy 
found by dividing Mt {NV) by the total mass, that is 
to Bay, calling by V the velocity of mean square, 

Mx(N) ' 
from which it follows that 

Here M is of course the mass of a molecule, while s {N) 
representB the number of molecules in unit of volume, of 
which the motion is at any moment towu-ds the enclosure. 
But since as many are obviously moving from as towards 
the enclosure, it is evident that Jiis {JV) represents only half 
the mass in unit of volume. Hence calling p the density or 
total maBS in unit of volume we have 



ip v: (■) 



Thus, wMe the lemptralurt of a gas remains comlant the 
pressure varies as the density, which is only another way of 
putting Boyle's law. 

416. Again, if v denote the volume of unit of mass, we 
have 

P--. Hence^ = -P*. (2) 

But the product of the pressure and the volume is pro- 
portional to the absolute temperature, as already defined in 
this treatise. Hence we see that the mean square velocity 
and therefore the energy of agtlalion is proportional to the 
absolute temperature. 
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416. Again, it has been already stated (Art. 411) that if 
we have the same number of molecules of two different kinds 
of gas existing in the same enclosure at the same tem- 
perature, then the one set will have the same kinetic energy 
of agitation as the other; that is to say, if M^, My denote 
the mass of a molecule of each, 

M^ V^ = M, V*. (3) 

These two gases are now in thermal equilibrium with the 
sides of the enclosure and with one another. If the pressures 
of these two gases be called /i and ^„ then from equation (1) 

Now since by hypothesis we have the same number of 
molecules of each gas existing in the same enclosure, the 
density of each will be proportional to the mass of the 
molecule. Hence 

■^'3 ' ' ' ^' 3 * ' 

It follows from equation (3) that/, -^p„ or in other words, at 
the sanu temperature and volume, the same number of molecules, 
of tmo different gases, will produce equal pressures. This is 
the law of Gay-Lussac. 

417- Again, let us suppose that at a given temperature 
and pressure we have equal volumes of two different gaseS; 
contdning, as we have just seen, the same number of 
molecules of each. Now, lei the temperature be increased 
while the pressure remains constant. It is clear that the 
expansion of both must be such that at the increased 
temperature the law of Gay-Lussac will hold and hence the 
two gases will still occupy equal volumes, inasmuch as they 
contain the same number of molecules. In other words, 
the coefficient of expansion of all gases must be the same, which 
is Charles' law. 

.:,..,. Coogic 
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418. Besides accounting for these three great laws, the 
dynamical theory also indicates the laws of gaseous dif- 
fusion, gaseous viscosity, and gaseous conduction of heat. 
In gaseous diffusion we have the interchange of matter 
between two contiguous volumes of gas, both, let us imagine, 
at the same temperature and pressure, and free to mix with 
one another. If their chemical composition be different, 
it is well known that a mixture will take place. If their 
chemical composition be the same, there will be no perceptible 
change; nevertheless, according to the dynamical theory, 
individual particles will be constantly passing from the first 
to the second, while as many repass from the second to the 
first ; but yet we are not able to perceive this, inasmuch as 
we cannot trace the motions of individual particles, and the 
average qualities of the gas remain unaffected throughout. 

419. In gaseous viscosi/y we have the interchange of 
momentum between two portions of gas, otherwise similar. 
Thus, let us imagine that we have a fixed horizontal plate, 
and a little above it a similar plate in oscillation, — the space 
between them being filled with gas. The layers of gas next 
the moving plate will move with it, while the layers next the 
fixed plate will be at rest, and the intermediate layers will 
have intermediate motions. Now, as the gaseous molecules 
pass between the moving and the fixed discs, their tendency 
.will be to carry away part of the motion of the moving disc 
so as ultimately to stop it. Professor Maxwell has shewn 
that, according to the dynamical theory, if we keep to the 
same kind of gas, the same temperature, and the same motion 
of disc, the rate at which the motion of the moving disc is 
stopped will not depend on the density of the gas but will be 
the same, whether this be great or small. This very singular 
conclusion he has succeeded in proving experimentally. 

420. In gaseous conduction of heal we have a similar 
exchange, not only of momenttmi but of molecular energy. 

,.- .Coogic 
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We may suppose here that the gaseous particles ply not 
between a moving disc and a fixed one, but between 3 hot 
disc and a cold one, their action tending to equalise the tem- 
peratures of the two discs. 

Here, as before, if we keep to similar discs with similar tem- 
peratures, and to the same kind of gas, the total carriage of 
heat is found by theory to be independent (within certain 
limits) of the density of the gas. 

This conclusion has received a striking illustration by 
means of the experiment lately brought forward by Mr. 
William Crookes, in which a torsion balance with a small 
vertical disc at each end is suspended in a glass vessel whose 
contents is almost a vacuum. In this case, if radiant heat 
fall upon one of the discs there is repubion of the heated 
disc, which is not apparently rendered less weak, however 
much the chamber is exhausted. It would at first sight 
seem that we have here some effect of radiant heat inde- 
pendent of the air inside. This conclusion is however not 
borne out when the circumstances of the case come to be 
examined. In the first place. Professors Tait and Dewar 
have shewn that the result certainly depends on the heating 
of one side of the disc more than the other, and that the law 
is that of the inverse square of the distance ; and, ' in the 
next place, but previously in point of time. Professor O. 
Reynolds has shewn that the phenomenon follows as a 
result of the dynamical theory of gases. For, in virtue of 
gaseous conduction heat is carried from the hot disc by the 
particles of air to the sides of the cold glass vessel, and we 
have just said that the total carriage of heat is independent 
of the density of the residual gas. But this means that 
the energy of the blows struck by the gas against the disc 
18 less than that of the return blows communicated to the 
gas as it leaves the disc. 

Now, bf the cold particles of air striking the disc it is 
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equally bombarded on both sides, but, inasmuch as the disc 
is supposed to be heated only on one side, the return blows 
delivered by the disc to the gas will be greater on the heated 
side. But action and reaction being equal and opposite, 
there will therefore be a recession of the disc in a direction 
from the source of heat, and the velocity of this recession will 
depend upon the rate at which the disc is made by gaseous 
conduction to part with its excess of beat — a rate which we 
have just seen to be independent of the density. 

421. Belfttions between the physical properties of 
bodies. Sir W. Thomson and others have made some very 
interesting applications of the dynamical theory of heat in 
establishing relations between the physical properties of bodies. 

It has already been proved, Art. 341, that the quotient 

— is constant for the same temperature whatever be the 

substance used. The meaning of M will be understood by 
referring to Art. 33J, from which it will be seen that M do 
denotes the heat absorbed by a substance of volume zi as it 
expands at the same temperature / from v\ov-\-dv, while. 



the substance is exposed varies with the temperature, the 
volume being supposed to remain constant 



constant, its numerator M will be large in those cases for 

which its denominator -y- is also large, or in which the 

pressure upon a constant volume mcreases very rapidly with 
the temperature. This is ordinarily the case in liquid and 
solid bodies — ^for we well know that in most cases if we 
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Strive to confine a liquid to the same volume while it ia 
being heated a comparatively small increment of tempera- 
ture will enable it to exert an enormous, if not a disruptive, 
pressure against the envelope which confines it. In the 
case of most solids and liquids therefore M will be very 
large. 

428. By reference to Art. 342 it will be seen how M 
is determined in the case of a perfect gas. In this case 
there was previous reason to conclude (Art. 331) that the 
molecular heat of the particles of a given mass of perfect 
gas whose temperature is constant is independent of the 
volume of this gas, being the same for a great volume as 
for a small one. Hence it was argued that the mechanical 
equivalent of M dv, or of the heat absorbed while the gas 
increased in volume at the constant temperature / from v 
to v + dv, would be denoted by the work done, that is to 
say, by/ dv, p denoting the pressure of the gas. 

But it has been shewn (Art 432) that for soUds and 
liquids M dv\&\n general very much greater than for gases, 
and hence M do will represent in the case of such sohds 
and Uquids almost entirely the increase of the molecular 
energy of the particles, while the work done, or pdo, will 
form a very small fraction of its amount 

424. The most convenient way of regarding expansion 
under increase of temperature in liquids is to suppose that 
the liquid exists under pressure / (volume = v), and that a 
twofold operation is performed upon it 

(i) It is allowed to increase in volume at the uniform 
temperalure / until its volume becomes v-\-dB and 
its pressure/— (ijft. 

(2) It is allowed to increase in temperatiu'e at the uniform 

volume I'+ift' until its temperature becomes t-\-dl. 
Thus in the first of these operations the volume cban^ 
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while the temperatnre remains constant, and in the second 
the temperature changes while the volume remains constant. 
The increase of volume performed in the first operation, 
and that of temperature performed in the second, have no 
necessary dependence on one another, so that we may vary 
the size of da without any regard to the increment dt, and 
^ same remark applies to dt, yet it will be convenient to 
suppose that we increase the temperature (from itoi+d/) to 
such an extent that the pressure, which had been reduced 
from/ lop— dp, has assumed its original value/. 

The final result brought about is in fact ihe same as if 
we had raised the liquid at once from /to i+dt under Ihe 
constant pressure p. 

425. Suppose that the whole heat consumed in per- 
forming the double operation is represented by JC d/, while 
that consumed by the first operation is represented by 
M dv, and that of the second by N dt, then we shall have 

Kdi'.Mdv-^-Ndt. (A) 

(In what follows it will be convenient to consider / as 
denoting the absolute temperature.) 

We see at once that K denotes the specific heal of a 
volume w of the liquid under consideration for constant 
pressure at the absolute temperature /, while N, on the other 
hand, denotes its specific heat_/or constant volume. 

The above equation represents really the twofold action 
of heat in expanding a liquid. Part of the heat goes to 
increase the molecular vis viva or kinetic energy of the 
particles of the mass, and this is perhaps expressed by 
N dt; part, again, has disappeared as kinetic energy in tear- 
ing asunder the particles under the force which holds them 
together, and has thus increased the molecular potential 
energy of the mass : this is perhaps represented by M dv. 

426. Let us now introduce two additional constants. 
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Let e denote the coefficient of cubical expansion ; that i« 
to say, the expansion of unit of volume at constant pressure 
at the absolute temperature / for an increase of temperature 
equal to one degree of the thennometric scale. Now since 
the expansion of volume v for an increase of temperature 

- di is do, it follows that that for unity of volume is — , and 

since such expansion is in proportion to the increase of 
temperature, we derive e from the following proportion ; 
., dv dv ,. ^ 

V vol ev 

la the second place let c denote the coefficient of com- 
pressibility or expansibility of the liquid, which we may 
define to be the increase of volume.at constant temperature of 
unity of volume when the pressure to which it is subjected is 
diminished by unity. Thus we see that when the diminution 
of pressure was dp the increase of volume v was dv. Hence 

that for unity of volume is — ■ Hence 

do dv , dv 

' V ' vdp ' cv 

Recurring now to Art 343, we find that 
M i_ 
dp_' J' 
di 



But since dp- — and dt^ — 1 it foUows that 



di 



and hence M^-y Thus by knowing e and c we come 
to know M, 
427. Again, since dl* — > substituting in equation (A) 

we have K — mMdii + N — j 

ev tv 
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and putting for ^ its value (Art. 426), we have 

—j-T-Li and «,— ji - — Y' 

From this last equation, by knowing K or the specific 
heat under constant pressure, we maj derive N, or the 
specific heat under constant volume. 

428. Suppose now that the substance existing at tem- 
perature / and volume v-\-dv is compressed so suddenly 
into volume v tbatjio heat is emitted, and let its temperature 
become /+ in consequence of this compression. When 
the substance expanded from volume v to volume v-^dv, 
beginning with pressure^ and ending with pressure /—t^, 
the heat which it absorbed was M do, while during the pror 

cess of expansion the work (p J dv was done fy the 

substance. 

Now, again, when the substance is suddenly compressed 
it starts wiih a pressure •^p—dp and ends with one 

-/+-~fl,so that the work(^ -■{ — ^fi) do has been 

done upon the substance. 

It thus appears that during the double operation of slow 
expansion and then sudden contraction an excess of work 

has been done upon the substance represented by --^6 dv, 

the heat equivalent to which will be —^6dvm — d dv. 
^ 2jdi . aV 

(Art 343.) 

To this we must add the beat M dv, which the substance 

absorbed during its expansion, but which was not given off 

during its sudden contraction. 
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Hence altogether we have the heat M dv\\ + —1 tend- 
ing to produce the increment of temperature 6 in the sub- 
stance in question, but since $ may be assumed to be very 
small in comparison with / this heat may be represented 
by M dv. Now N being the specific heat for constant 
volume, this increment of heat will obviously raise the 

temperature by an amount - — t^t— ; this Is therefore the 
value of 6, or tf = 



N 

Mdo „ , , , ,> , eidv 

— j^' Hence also (Art 426) ff- jtj-' 

Now in this expression N and c are always of the same 
sign, that is to say, an increase of temperature of a body at 
a constant volume always implies an increase of heat, while 
on the other hand the diminution of volume of a substance 
at the same temperature always implies an increase of 
pressure. Therefore in this expression if e changes sign 
6 will do the same. 

Suppose, for instance, that e is negative, that is to say, let 
the substance contract as its temperature rises, as in the case 
of water between ©""C and 4°C ; we see that in such a case 
its temperature would became lowered by a sudden com- 
pression, that is to say, 6 would also be negative. Again, 
if in a liquid or solid 6 is negative, that is to say, if a 
sudden contraction pfoduces a decrease of temperature, or 
a sudden elongation an increase of temperature, as in the 
case of india rubber, we may expect t to be negative, or 
the body when under pressure or tension to contract instead 
of expanding by increase of temperature. 

Both of these theoretical conclusions have been found by 
Sir W. Thomson to be confirmed by experiment. 

420. Coimexioii between the two Mastioities and 
the two Speoiflo Heats. When any substance is sub- 
jected to a force tending to compress it, it resists the 

EC 1; . .CoOglc 
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action of this force, and the more strongly the more it is 
compressed, and ultimately a definite diminution of volmne 
is produced by the pressure applied. If this diminution 
is great, we regard the elasticity of the substance as small, 
so that tjie elasticity may be defined to be the ratio between 
the pressure apphed and the compression produced. 

It must, however, be borne in mind that if the pressure 
operates upon a large volume or portion of any substance, 
it will produce a greater absolute change of volume ihan 
if it operated on a small volume or portion of the same 
substance, the ratio of the change to the original volume 
remaining the same in both. 

Therefore in estimating elasticity we take the ratio between 
the increment of pressure and the proportional diminution 
of voltmie which it produces. We likewise imagine both 
changes to be very small. 

430. The increment of pressure may be supposed to act 
under two different conditions — 

(i) We may arrange that the temperature at the end of 
the process shall be the same as that before any pressure 
was applied. 

(2) Or we may suppose that during the process of apply- 
ing the pressure no heat has been allowed either to kave 
or enter the substance. 

We shall thus have two different elasticities, the former of 
which corresponding to (i) we 'may call Et, and the latter 
of which corresponding to (a) we may call E^. 

431. Again, we have in like manner two specific heats, 
and these are, firstly, the specific heat for constant volume, 
and secondly, the specific heat for constant pressure; the 
former of these we may call A' and the latter K. 

432. It is easy to show that these two specific heats are 
related to one another in the same manner as the two 
elasticities. For let tis imagine a substance whose mass 
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is unity and volume = v^ to rise in temperature from f to 
t°+dl, the pressure meanwhile remaining the same. Evi- 
dently an amount of heal will be required for this process, 
which will be denoted by Kdl, while the proportional 
change of volume which takes place we may call tdt. 
Now let the substance be suddenly compressed unfil it 
has reached its previous volume v, no heat being mean- 
whDe allowed either to enter the substance or to leave it. lis 
temperature will be evidently higher than t", because it has 
received an additional amount of heat - Kdt, No doubt 
while the substance was being heated the heat had to raise a 
somewhat less pressure upwards than must now be applied 
downwards to bring it to the previous volume, so that a 
very small amount of additional work must be spent in 
order to produce compression. It will however be manifest 
that the heat equivalent of this work will, if we only regard 
small changes of pressure, be insignificant compared with 
Kdt, and may therefore be neglected. Now had this addi- 
tional amount of heat been Ndl, it would by hypothesis 
have raised the substance through a temperature range = dl, 
since its volume is now the same as at first, and hence the 
whole increment of temperature will be found thus: — 
If Ndl produce a temperature rise = dt, what will Kdl 

produce f EvidenUyit will produce a rise equal to f^^'- 

This compression is, let us say, attended by an increase 
of pressure equal to i/. Therefore the elasticity or ^* 
may be easily found. For the proportional change of 
volume is edt, and the ratio between the increment of pres- 
sure and this volume-change is -—• Hence by definition 

^*-ld( 
Next let the excess of temperature above i°+dit which 

EC 3 I- - .'-..ooqIc 
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we may imagine to be now the temperature of the 
surrounding enclosure, be carried away. The pressure 
increment will now no longer be dp, but it will be 

less. For if a rise in temperature = -j^^' produce at the 

same volume v a pressure increment = dp, what will a rise 

of temperature equal to dt produce? Evidently it will 

N 
produce B^ ■ A^ x -j™- 

Again, the elasticity will now be Eg, and will be denoted 

by 11. ^y^. 

' edi edt K 

that is to say, the two elasticities bear to each other the same 
ratio as the two specific heats. 

433. Let us here endeavour to find an expression for 
Ef in the case of a gas of which the pressure is /, the tem- 
perature being supposed to remdn constant during the 
compression. 

Let — ^ denote the proportional volume decrement, 

and/j— /, the pressure increment. Now by definition 
„ Pressure increment ''i(/j~A) ^^ 

Prop' volume decrement i"! ~ ''a ^ 

if the changes of pressure and volume are small. But in a 
gas we have from Boyle's law pv = c {a constant quantity). 

Hence differentiating pdv + vdp -o ot pm — -^ ; but this is 

the expression already found for £*, or the elasticity. Hence 
in a gas ^»=^. 

434, The velocity of Sound. The following method 
of discussing ibis problem is derived from that given by 
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Professor Clerk-Maxwell in his book on the Theory of 
Heat, It was first introduced by the late Professor Ran- 

I^t us confine ourselves to waves of loi^itudinal displace- 
ment ; that is to say, to waves in which the motion of a 
particle is backwards and forwards in the direction in which 
the wave is travelling. 

Let us further imagine that the velocity of propagation is 
constant, and that the wave does not alter its type as it pro- 
ceeds. This last assumption means that if we could imagine 
ourselves to travel forward with the same velocity as that of 
the wave propagation, or if we could imagine the material 
of the wave to travel backwards with the same velocity as 
the wave itself travels forward, we should see no change 
in the appearance presented by the wave, 

436. Suppose now that we have a wave of sound travel- 
ling from left to right along 3 rectangular tube of indefinite 
length and of unit section, and let us consider a plane or 
cross section drawn perpendicular to the direction of motion 
of the wave. Let « be the velocity of the air at this cross 
section (in the direction, let us say, from left to right). In 
unit of time, therefore, a column of air whose length is u 
passes across this imaginary plane from left to light, and 
since the cross section is unity, » will likewise denote the 
volume which passes across this plane. 

Again, let v represent the volume of unit of mass of the 
substance, and let Q be the mass which passes across the 
plane in unit of time, then evidently the volume which so 
passes is Qo, and this must be equal to ». 

436, Suppose now that while this imaginary reference 
plane remains fixed in space, the tube itself and all its con- 
tents are moving from right to left with a velocity i^ greater 
than u, then evidently the mass of air which passes across 
the imaginary plane in unit of time in a (Erection from right 
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to left wHl depend on the velocity U—u, so that if we denote 
this mass by Q we shall have 

Qd - U-u. (i) 



Fig. 83. 

Now let us have two such fixed reference planes A and B, 
and let us imagine U or the motion of the tube from right 
to left to be equal to the velocity of propa^tion of sound, 
then it is evident that, inasmuch as the wave by hypothesis 
is of permanent type, the state of things at A and B, and 
hence the values of k at these planes, will always remain the 

If therefore we denote by b^, Ug the values of « at j1 and 
B, also by Va and p^ the volume of unit of mass and the 
pressure at A, and by Vg, pa the corresponding values of 
these elements at B, we shall have 

QaV^^V-ua. (a) 

Q^v^-U-u^ (3) 

487. Again, it is evident that in consequence of the wave 
being of constant type, the density at all points between the 
fixed imaginary planes A and B remains the same, and hence 
the mass of matter embraced between these two planes 
remains the same. It follows that the mass which enters in 
unit of time at A must be equal to that which leaves the 
space at B, or in other words 

<?^ = (?«=(3(lelussay). (4) 

Hence also from equations (2) and (3) 
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Ua'U~Qv^. (5) 

Us=U-Qvb. (6) 

But while in unit of time a mass Q enters at A and an 
equal mass leaves the interval at B, yet the mass which 
enters at A has a velocity V~u^, while that which leaves 
at B has a velocity U—Ug. If «^ be greater than Ug, it 
follows that the momentum (from right to left) of the 
entering fluid is less than that of the issuing fluid by the 
amount Q{u^~Ub\- 

488. Now it is evident that this difference in the momen- 
tum of the air which enters and departs from the interval, 
must be wholly due to the difference of the pressures at A 
and B, and must be measured by this difference, and since 
the fluid issues from B with a greater momentum from right 
to left than it enters at A, the pressure at A must be greater 
than the pressure at .5 in order thus to increase the momen- 
tum of the fluid as it passes from A to B. We thus obtain 

P.-t.-Q{''.-''.\- (7) 

Substituting the values of w^ and Us from equations 
(5) and (6) we obtain 

P^-Pb = <?\vb-v^). (8) 

Hence 

pA+<?v^''pB + Q^J>B- {9) 

Now since A and B may be any planes whatever, it 

follows that the quantity ^+0^ must continue constant. 

If we call this quantity P, we have p + (^v - P, and hence 

p.P-Q'v. (10) 

489. Let us now suppose that in the wave under con- 
sideration the changes of volume and pressure are compara- 
tively small, that is to say,^^— ^^ or Sp, and Vg—v^ or iv, 
are small compared to p and v. Now by the definition of 
elasticity (Art. 429) 
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E--0 ^^ -vQ* (by equation (8)). (i i) 

Again, if v is the volume of unit of mass for those portions 
of air which are not disturbed by the wave, and where a = o, 
we have from equation (2) 

U=Qu. (I a) 

Hence 

IP - QV - Ev (by equation (i i)) ; (13) 

that is to say, the square of the velocity of propagation of 
a wave of sound in air or any substance is equal to the pro- 
duct of the elasticity and of the volume of unit of mass. 

Here it is evident that the elasticity must be that of sudden 
compression, since the motions which constitute sound are 
quickly performed, and we may suppose that durii^ the 
process no heat is allowed to escape. Hence IP - E^v. 

440. If we denote by y the ratio between the two elas- 
ticities or the two specific heats for air, we shall have (Art. 

433) 

E^-yE^.fp. (14) 

Hence (equation (13)) 

lP = ypv. (15) 

Now since pv remains constant (Art. 60) while the tem- 
perature is the same, it is evident that the velocity of sound 
in the same gas and at the same temperature is independent 
of the pressure. 

Again, since pv (Arts. 136, 343) is proportional to the 
absolute temperature, it is evident that the velocity is pro- 
portional to the square root of the absolute temperature, 

44X. So long therefore as the temperature is the same, 
the velocity at which sound proceeds through the atmosphere 
is the same at all elevations ; but when (as is generally the 
case, particularly during calm clear days) there is an upward 
diminution of temperamre, there will be a correspondii^ 
diminution in the velocity of sound at different elevations. 
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Professor Reynolds has shown that (his variation in the 
velocity of sound at different elevations must, when the 
diminution of temperature is upwards, cause the sound, 
which would otherwise proceed horizontally along the earth's 
surface, to leave the surface and move in an upward direc- 
tion to an extent depending on the variation of temperature ; 
and that we thus have an explanation of the greater distances 
at which sounds can be heard on cloudy as comiiared with 
clear days, and particularly during the night as compared 
with the day, 

443. In order to utilise equation (15) for determining the 
velocity of sound, let us conceive of a homogeneous atmo- 
sphere extending upwards, the density always remaining the 
same as the actual density at the earth's surface. Now let 
H denote the height of this atmosphere, the weight of which 
will produce a pressure equal to the actual pressure or /, 
and let the cross section of the column we are considering 
be unity. The volume of this column will thus be H, and 
\{v be the volume of unit of mass and m the whole mass of 
the column, then 

H.m,. (■«) 

Again, the weight of the column ia p = mg where g is the 
force of gravity. Hence 

pv = mgv^Hg (by equation (16)). (ij) 

Therefore 

U'-lpo-gyH. (18) 

448. It appears from equation (18) that if we know the 
value of the force of gravity, the ratio between the two 
specific heats, and the height of the homogeneous atmo- 
sphere, we can determine the velocity of sound, or conversely, 
if we know the velocity of sound, the force of gravity, and 
the height of the homogeneous atmosphere, we can deter- 
mine the ratio between the two specific heats. 

This last may be done as follows: — We know (Art. 149) 
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that the weight of one cubic mfetre of atmospheric air at o°C, 
and at the pressure of 760 reduced millimetres of mercury 
is 1. 393187 kilogrammes, whereas the pressure on the side 
of such a cube is (Art. 332) 10333 kilogranmies. Hence, 
in order to produce this pressure by the weight of the wr 

alone, we should require a column \ - = Togo metres in 

^ 1.293187 '^^ 

height. 

Again, the acceleration produced by gravity or ^"32.2 
feet = 9.815 metres. Also the velocity of sound in aii at 
o°C is found by experiment to be 332.2 metres per second. 
Now (332.2)* = 1 10356.84, and hence y or 
-^^ ri03S6.84 ^ 
gH 9.815x7990 
This then is the ratio between the two elasticities or the two 
specific heats for air. 

But we have seen from Art, 332 that the same ratio 
independently determined by a totally different experiment 

is_ ^-S-S ^1,413. It wiU thus be seen that the two 

58.995 
determinations agree together very well. 

444. Graphical BepresentationB of Fhysioal Laws, 
By means of a series of Isothermal lines we may conveniently 
express the relations which hold between the volume, the 
pressure, and the temperature in a perfect gas. 

Suppose for instance that our ordinates represent pres- 
sures, and our abscissas volumes, then, if we suppose the 
temperature of the gas to remain constant, we may express 
as in Fig. 84, by means of a curve, the relation between 
the pressure and the volume. 

The relation is such that the product of the pressure into 
the volume is constant, and hence the curve is that known 
as the rectangular hyperbola. 

If, however, we alter the temperature of our gas we must 
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then employ another curve line to express the new relation 
between the pressure and the volume. This curve will, as 
before, be a rectangular hyperbola, but it will lie entirely 
above the previous curve if the temperature has been in- 
creased, and entirely below it if the temperature has been 
diminished. 

The various hyperbolic curves are thus seen to constitute 
a series of isothermal lines corresponding to different tem- 
peratures, each one expressing the relation between the 
volume and the pressure of the gas corresponding to its 
own temperature. 

Now it is easily seen from Boyle's and Charles' laws 
taken together that 

and hence the product pv will as the temperature i 



nwwww 




Ft 84. 
receive increments proportional to the increment of tempera- 
t1JI«. 
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It follows that if while the temperature re^larly increases 
the volume be kepi constant the pressure will receive in- 
crements proportional to the increment of temperature, and 
hence if we draw a series of isothermals corresponding to 
regular intervals of temperature and cut them by means 
of a vertical line, as in the figure, the distance between 
the points at which this line cuts any two neighbouring 
isotbennals will be the same. Thus the distance between 
I and 2 is equal to that between a and 3 or that between 
3 and 4, and so on. 

446. Let us now suppose that instead of a perfect gas 
we consider a quantity of superheated steam, which is con- 
t^ned in a cylinder in which a steam-tight piston works. 
By pressing down the piston we increase the .pressure of the 
steam. If we imagine that during the operation the tem- 
perature is kept the same, and that this temperatiue is con- 
siderably above the point of saturation corresponding to the 
initial pressure, then for the first part of the compression 
the steam may be regarded as a nearly perfect gas and its 
isothermal curve will not greatly difier from the rectangular 
hyperbola. 

When however a pressure has been attained nearly equal 
to the maximum pressure which corresponds to the tempera- 
ture of the steam, there will be a departure from Boyle's law 
(Art. 146), and this will be in such a direction that the pressure 
will increase less rapidly on account of diminution of volume 
than it would have done if Boyle's law had been obeyed. 

When the maximum pressure has been attained, any 
further dimmution of volume will not at first increase the pres- 
sure, but will only condense some of the steam into water. 
The isothermal curve will now become a horizontal line, 
diminution of volume being so far unaccompanied by any 
sensible increase of pressure, and things will remain so until the 
volume has been reduced so far as to leave no vacant steam- 
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space above the water into which the whole of the original 
steam has now been condensed. It is clear that henceforth 
any further diminution of volume will be resisted by that 
very powerful force which water opposes to any attempt to 
diminish its volume, and hence very small diminutions of 
volume' will now correspond to very great increments of 
pressure— in other words, the isothermal curve will now be- 
come nearly vertical. It thus appears that the isothertnal of 
Steam, or of a mixture of steam and water, is first of all a 
curve which approximates to a rectangular hyperbola, then 
a horizontal line, and iinaUy a line approximately vertical. 

446. In a previous part of this work (Art, 131) the re- 
searches of Dr. Andrews on carbonic acid have been alluded 
to, and we have stated the conclusion arrived at by that ex- 
perimentalist, namely, that matter may be made to pass from 
the gaseous into the liquid state by a series of gradations 
so gentle that the passage shall nowhere present any inter- 
ruption or breach of continuity. 

The following diagram, taken from Dr. Andrews' paper 
and from Professor Maxwell's book on Heat, will exhibit 
graphically the reasoning which led to this conclusion. 
Here at first, and corresponding to comparatively low tem- 
peratures, such as i3.i''C, we have an isothermal very 
analogous to that already mentioned as characterising a 
mixture of steam and water. When however the tem- 
perature is increased this likeness gradually disappears, until 
at such temperatures as 48.i°C we have a line exhibiting all 
the properties of the isothermal belonging to a perfect gas, 
and denoting (hat however much we may increase the 
pressure, we shall never at this temperature obtain the 
liquid in contact with its own gas. Thus at comparatively 
low temperatures there is a range of volume throughout which 
the substance CO, is capable of appearing together in its 
two states, this range beginning with the point at which 
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Jbt^frmalt qr CarhonieAeid 
Fig. 85. 



.e.oogic 
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condensation begins and ending with that at which all the 
gas has been condensed into Uquid. 

Now, if lines (dotted in Fig. 85) be drawn through these 
two points, for the various temperatures, it will be found 
that as the temperature rises the distance between the points 
at which the isothennal cuts this dotted curve will diminish, 
or in other words, the range of volume between the point 
at which condensation begins, and that at which all the 
gas is entirely condensed, will diminish as the temperature 
increases. At some temperature these two points will merge 
into one, and therefore at this temperature there will be 
no distinction between saturated gas and liquid, or in 
other words, we shall have the coalescence of the gaseous 
and liquid states. This therefore is the critical point of 
Dr. Andrews, who in his experiments determined it to take 
place at the temperature 30-92°C and at the pressure of 
from 73 to 75 atmospheres. 

447. Professor James Thomson (Proc. R. S. Dec. r r, 1873) 
has discussed with the aid of a diagram certain relations 
between the Gaseous, the Liquid, and the Solid stales of 
Water- Substance. His reasoning is as follows. 

If we take any substance which we can have in the three 
States, gaseous, liquid, and solid, it will be found that when- 
ever any two of these states are present in contact together 
the pressure and temperature are dependent on each other, 
so that when one is given the other is fixed. Thus in 
Fig- 34 of this volume we have a curve exhibiting in its 
upper part the relation between the temperature and pres- 
sure when water and steam exist together, and in its lower 
part the relation between the temperature and pressure when 
ice and steam exist together. 

In addition to these we may have a third curve exhibiting 
the same relation when water and ice exist together, inas- 
much as we know that the melting point of ice depends upon 
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the pressure. It would appear to result from this that these 
three curves must cross one another in one point and 
only one. To make this reasoning clear let us consider 
an ordinary case of ice and water at o°C at the usual 
atmospheric pressure. May it not be said that here we have 
the three states of water substance together — namely, aqueous 
vapour, water, and ice? Unquestionably we have these three 
states side by side, but it is manifest that the atmospheric 
pressure does not represent the pressure of saturated vapour 
at the temperature of the experiment. But if we now 
reduce the pressure to that of saturated aqueous vapour 
at o'^C we rsuse by the same means the melting point of 
the ice, so that the water in the experiment will gradually 
become ice. This prepares us to acknowledge that there is 
one point, and only one, where the three curves above 
mentioned can exist together, and therefore cut one another, 
and this is called by Professor James Thomson the triple 
point. 




448. In the above 



Fig. 86. 
igure the ice steam-line is denoted 
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by NTQ, the water-steam line by PTL, and the ice-water 
line by MTR, r being the triple point at which these three 
lines meet. 

The first two of these lines have generally been regarded 
as one, and Regnaiilt, we have already remarked (Art, 145), 
was of opinion that his curve showed no peculiarity about 
this point. Nevertheless Professor James Thomson has been 
led, both from theoretical reasons and from observation, to 
believe that the ice-steam and water- steam lines are, in 
reality, two distinct curves crossing each other, with a re- 
entrant angle at T. 

The mode of argument employed is deduced from the 

formula of art. 341, from which we derive -~ = -r-n: 
dl <p[/) 

where ^ (/) represents a function which" depends only 'upon 
the temperature, and is independent of the nature of the 
substance used. The substance need not even be homo- 
geneous throughout, but it may be heterogeneous, as, for 
instance, a mass of water and steam, or ice and water, or ice 
and steam. 

44S. Now, let us apply this formula first to steam with 
water and then to steam with ice, at the temperature of the 
triple point, or, which is sufficiently near it, at the temperature 
o'^C. 

Beginning with a mixture of saturated steam and water, let 

-~ denote the rate of increase of' pressure for unit increase 

of temperature. Here we observe that while in general il is 

necessary to keep the volume constant in estimating — 

yet, in this case, inasmuch as for the mixture we are con- 
sidering, the mere change of volume does not affect ihe 
pressure, this constancy of volume is not essential. What 
Ff i'^- X-oogk 
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^ denotes is in fact the increase in pressme of the water- 
steam curve, as we rise one degree iq temperature above the 
triple point 
460. Let us next consider the ice-steam curve, and here let 

-^ and Jff denote the altered values of the above expresdons 
when we have ice instead of water, then, as before, we have 

^' j^ 

d/ ^ *(/) ' 

From this it follows that -^--^ :: M: Jtf, and hence 



sieam curve for one degree centigrade, so ^ denotes the 
corresponding rise of the ice-steam curve. It follows that if 
the curves are really ihe same, then ~^ ~ -^> ^^^ hence 

But, on the other hand, if we have reason to believe that 
M and M' are different, then evidently the two curves are 
not the same. 

Now M (Art. 33 j) denotes the rate at which heat must be 
supplied to a substance consisting of steam and water at the 
triple point {per unit augmentation of volume of the hetero- 
geneous body) so as to let it expand without varying in 
temperature. During the expansion a certain amomit of 
water will evaporate and assume the gaseous condition, 

JH', on the other hand, denotes the corresponding rate 
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for a substance consisting of steam and ice, and here 
during a similar expansion the same amount of ice as 
before of water will evaporate and assume the gaseous 
condition. 

The amount of heat required in these two cases will 
thus bear the same proportion to each other as the heat 
required to evaporate water bears to that required to 
evaporate ice. Now, according to Regnault, the latent 
heat of evaporation of water at ©"C (the triple point nearly) 
is 6o6'5, while in the case of ice we have to add to this the 
latent heat of water, or 79 units. 

Therefore at ibis point the ratio 

dp_ 

M . 606 ,, di 606 I 

■r« is = :^-TJ and hence ^7 -—, = — — . 

M' 79 + 606 ^ 79 + 606 1.13 

di 

This shows that the two curves are in reality different 

4fi2. Professor James Thomson finds by reference to 

Regnault's original memoir that while constructing his tables 

of the pressure of aqueous vapour he made use of two 

formulae, (/J) and (£^, of which (2?) may be regarded as 

the formula for giving the pressure / of steam with water, 

and E as that for giving the pressure p' of steam with ice. 

The following tables are derived from these two formulse : — 
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By /ormula (i)). Steam with water. 
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453. From these two tables the following results are 
deduced : — 





*' 
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36i 


-»>!• 





giving a mean value of about i-io, which is not far different 
from the value r'i3, which theory indicates. 

A recent research by Messrs. Ramsay and Young in- 
dicates that similar laws hold for other substances. 



d;,GoogIc 



438 



TABLES OF PSESSUXE 
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Shewing the presiure of aqtuom vapour in inches of mercury 
at the latitude 53° 21' /or each degree Fahr.from —30° 
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(Ui.53''3i'.) 


6l 


in. 
0-5364 


1^6 


in. 
3.391 


'5' 


7-739 


6a 


O'SSfiS 


107 


1.360 


152 


S;?::, 


«' 


0-S755 


108 


1.430 


'53 


\^ 


°-5959 


109 


3.501 


'54 


8.331 


$5 


0^170 




3-576 


'55 


8537 


66 


0-6388 




3-651 


>6<i 


8737 


6; 


0.6611 




1-719 


'57 


8-951 




0.6843 


113 


1809 


158 


9.170 


69 


07081 


114 ' 


1-890 


'59 


9'393 


- 70 


o-73'r 


;;i 


1-974 


160 


9.611 - 


7' 


0.7580 


3-059 


161 


9-853 


^% 


^7841 


117 


i-m 


161 


io<J9o 


73 




118 


3337 


163 


10.333 


74 


0.83S6 


119 


3-339 


164 


10579 


[8 


Eii 




3-433 

3-530 


a 


;?:S 


n 




3-619 


167 


"■350 


78 


0-9577 


"3 


3.710 


168 


n*i7 


2" 


0.9898 


114 


3-834 


169 


11-889 


80 


I.OM7 


"5 


3-93° 


170 


.3-67 


81 


1.0566 


116 


4-039 


171 


1 a. 450 


83 


■ ■09'S 


"I 


t^\ 


173 


13-739 


83 


I -"74 


118 


173 


'3-03.1 


84 


1.1643 


119 


4.381 


'74 


'3-333 


II 


1-1033 


130 


4-500 


'75 


'3-639 


i-a4'3 


131 


4<33 


176 


ISIS - 


II 


1-28.5 


131 


4-747 


177 


1-31*8 


133 


4-874 


178 


14-59* 


89 


*-3^5f 


134 


S-ooj 


179 


14-911 


90 


1-4088 


'35 


5-"39 


180 


.5.358 


9' 


'-4537 


136 


5-375 


181 


15.600 


9« 


1-4998 


■37 


S'4'S 


181 


i6.66? 


93 


l'S47l 


■38 


S-568 


183 


94 


1-5958 


■ 39 


S'704 


,84 


% 


'■6457 
1-697. 


140 
141 


m 


'^\ 


' 7-034 
17.4.0 


97 


1-7498 


141 


6.i6» 


187 


17.793 


98 


1-8039.. 


143 


6-3.1 


i83 


i8-i8i 


99 


1-859&- 


144 


6-485 


1 89 


18577 




1.917 ' 


145 


6-651 


190 


18.981 




>'973 ■■ 


146 


6.831 


191 


19393 




3.03J 


'47 


6.99S 


191 




103 


a.097 


148 


7-173 


'93 


ao^iae 


104 


2.160 


149 


7-364 


194 


,0.669 


i<>5 


3-3 ) J 


150 


7-S4» 


'95 





TABLES OF PRESSURE 





Presmre in in. 




Premire in in. 




Pressure io in. 


Tanpe- 




Tempe- 




Itm^. 


of mercury .t 


rature. 


3i° 11 ua level 








33° at sea 1e*el. 




(Ut. 53° »>'.) 




(1^1.53° 31'.) 




tLat.E3°"i'-) 


I^ 


330i§ 


341 


M-78 


386 


110-3I 


'97 




343 


5373 


387 


113.05 


■98 


33.480 


343 


53-67 


388 


113-81 


199 


"■953 


344 


5464 


389 


11560 




»3-435 


"45 


55-63 


390 


117.40 




33-9J* 


346 


5663 


391 


119.33 




14-433 


347 


57-64 


393 


131-08 


aoj 


34.939 


348 


58.66 


^93 


133.95 


J04 


15-415 


349 


59-7' 


"94 


134-85 
136.77 
138-71 


S 


^|969 


350 
351 


60-76 
61-84 




J07 


37-045 


353 




"97 


130.68 


108 


27-597 


253 


64-03 


398 


,33.67 


i09 


38-158 


"54 


- 65-15 
66.38 


"99 


134-68 




38.738 


»55 


300 


136.73 




39-308 


356 


67-43 


301 


138.79 




*- 39-898 


»S7 


68.60 


303 


140-88 


113 


3050 


"58 


6979 


303 


143-99 


JM 


3111 


"59 


J0.99 


304 


'45-'3 


"6 


31-73 


360 


73.30 


30s 


147.30 


316 


3'-35 


361 


73-44 


.106 


149.49 


J17 


3>-99 


363 


74-69 


307 


151-70 


J18 


33-64 


363 


75-96 


308 


>5-V95 


319 


34-30 


364 


77-'4 


309 


156.33 




34-98 


365 


78-55 


310 


'58-5 1 




35-66 


366 


79-87 


3" 


160-83 




36-35 


367 




313 


16318 


3J3 


37-os 


363 


8^-56 


313 


165-56 


JJ4 


37-?7 


369 


83-94 


314 


167-97 


335 


38-50 


370 


85-33 


315 


170.40 


136 


39-13 


371 


86-75 


3"6 


173-86 


J37 


39-98 


273 


88-13 


37 


i;rM 


318 


40-74 


"73 


89-63 


318 


339 


4i-5> 


"74 


91.10 


319 


18041 


330 


43-30 


37s 


9"-69 


3"o 


183.98 


»3I 


43-10 


376 


94-10 


3" 


185-59 


332 


43-9» 


377 


9563 


333 


188-33 


*33 


44-r3 


378 


97-8 


3"3 


190-88 


a34 


:i:5J 


379 


98-75 


3"4 


'93-57 


'35 


]8o 


100-34 


3^5 


.96.39 


336 


47)8 


381 


101.95 


3"6 


199-05 


337 


48-15 


383 


"03-58 


3»7 


301.83 


"38 


4904 


a83 


105.33 


338 


304-64 


»39 


49.94 , 


384 


3"9 


207.49 


340 


■ 50-85 


38s 


io8lo 


330 


3.0.36 



OF AQUEOUS VAPOUR. 





Piasure in in. 








Presinre in in. 






Tempe- 






of mercury « 




3a''»tic»kvd. 




31° at sea level. 




3l''«tt«le»d. 




(Ut.53°"'.) 




(U..S3°"'0 




(L.l.53=i.'.> 


3JI 


J 13.17 


tl 


333-5» 


399 


i°s;8.,i 


33a 


J16.JI 


336-6S 


400 


So3-9« . 


333 


319.18 


^% 


340-88 


401 


50963 


334 


11913 


368 


345-'3 


401 


515-4' 


P 


JJ5-21 


369 


349-4I 


403 


511-14 


ai8-i8 


370 


353-73 


404 


517-11 


337 


131-38 


37' 


358-.0 


40s 


533-06 


338 


135-5' 


37» 


361-50 


406 


639-04 


339 


137-68 


373 


366.9s 


407 


545-07 


340 


140.88 


374 


37 '-44 


,408 


55'-"6 


341 


144-13 


37S 


375-98 


409 


557-30 


34" 


147-38 


376 


380-55 


410 


563-48 


343 


350.119 


377 


385.' 7 


411 


569-73 


344 


a54-o= 


378 


389-84 


411 


576-01 


345 


=57-39 


379 


394-54 


413 


581-36 


346 


160-80 


380 


399.19 


414 


588-76 


347 


364.14 


38' 


404.09 


4' 5 


595-1' 


348 


167,71 


381 


408-91 


4.6 


6oi.7i 


349 


»7i-i3. 


383 


413-81 


417 


608.18 


350 


174-78 


384 


418-73 


4.8 


6.4.90 


351 


^78-37 


385 


4=3-71 


4.9 


611-36 


351 


18.-99 


386 


418.73 


430 


618.19 


353 


385-65 


387 


433-79 


411 


635-07 


354 


=89-35 


388 


438-90 


412 


641-90 


355 


193-08 


389 


444.06 


4=3 


648.79 


356 


=96.85 


39=> 


449-16 


414 


655.73 


357 




391 


454-51 


4=5 


661.73 


358 


304-5' 


39= 


459.80 


416 


669-79 


359 


30839 


393 


465-15 


417 


676.90 


360 


313-31 


394 


470-64 


4=8 


684<.7 


361 


316-J8 


395 


47598 


419 


691.30 


36. 


310.18 


396 


48.-46 


430 


698.58 


363 


314-31 


397 


487-00 


431 


705.91 


364 


318-40 


398 


491-58 


43a 


713.3' 



.,gniod.,GoOgIc. 



TABLES OF PRESSURE 



^«,. 



Skewing the pressure of aqueous vapour in inches tf mercury 
at the lalitudt e^^ 21' from 0° to 100° Fahr./or every 
two-lmths of a degree. 





Pieuuie in in. 




Prewore in in. 




Pleuureinin. 


Temp*- 


of mercury at 


Tempt- 


ofmetcaty.t 


Tempe- 


ofmcicni7« 




31° at K> level 




31° at K> level. 




31° at Ki lerel. 




CUt.S3°aro 




(Ut. 63" 11'.) 




(Ut. S3» «'.) 


0^ 


0-0439 


'■J 


in. 
0-0587 


11.8 


in- 

oo78t 




0.0443 


0.0591 


13-0 


0-0788 


t 


0-0447 


.8 


0-0597 




0-1795 


0.0451 


7.0 


0^1603 


:t 


0-0803 


.8 


°^>4SS 




0-0608 


0-o8og 
0.0S16 


I-O 


0.0459 


i 


a-0614 


.8 




0.0464 


0-0619 


14.0 


0.0813 


t 


0.046S 


-8 


0-061S 




0-0831 


0.0471 


8-0 


0-0630 


i 


0.0838 


.8 


0.0476 






0-0636 


0.0846 




0.0481 




J 


0-0641 


.8 


0-1853 




0.0485 




0-0647 


15* 


o.o86r 


■4 


0.0490 




8 


0.0653 




0-0868 


6 


0.0494 


9 




0.0659 


i 


00876 


.8 


00499 






0.0665 


0-0884 


3-0 


0.0503 




t 


0-0671 


.8 


0-0891 




0-0508 




0.0677 


16.0 


0-0899 


i 


0-0511 




8 


0.0683 




o<^7 
0-0916 


0-0517 






0.0689 


t 


■g 


0-0513 






0.0695 


0-0914 


4-0 


0-0516 




i 


0-0701 


■6 


0-0931 




0-0531 




0.0708 


17.0 


0^)940 


:J 


0.0536 






0-0714 




0KXH8 


o^54" 




■0 


0.0711 


i 


°-°957 


■s 


0.0546 






0.0717 


00965 


5-0 


0.0551 




4 


0.0734 


.8 


0.0974 




0.0556 




6 


0.0740 


J 8.0 


0.0981 


i 


0.0561 




8 


0.0747 




0-0991 


0.0566 






°'°7ii 


■4 


O-IOOO 


.8 


0-0571 






0.0760 


.6 


0.1009 


6^ 


«|i' 




i 


0.0767 




0-1018 


•» 




0-0774 


19-0 


0-1017 



OF AQUEOUS VAPOUR. 





Pramie in in. 




Proiure in in. 




Pmsuie ia in. 


Tempt- 




Tempe- 


ofmccuiyM 


Te,np^ 




nitiire. 


ji-Tt'la'i^d. 




33'-UK>le7d. 




33=.t«>ileTd. 




(La.. 53° Ji'.) 




(L.t53°il'-) 




(Ut.SJ-ll'.) 


19-a 


o-losfi 


38% 


o-iSSS 


37-1 


^iiil 


-♦ 


01045 


■4 


0-164S 


-4 


0.1138 


.6 


vx 


■6 


0.IS6J 


.6 


0-1155 


■8 


-8 


OJ575 


8 


0.1173 




0.1073 


ag-o 


;:;ig 


380 


0.1191 




o-io8a 






0.1309 


■4 


0.1091 


i 


01617 


% 


0-83^7 


■6 




0.1631 


o-"34S 


.8 




-8 


0-I64S 




0.1363 


Si-O 




30-0 


0-1660 


39-0 


0.1381 




0113' 




o.,674 


■1 


0.J400 


■4 


0.1 141 


\ 


0.1689 


.1 


0-1418 


6 


0-1151 


0-1704 


0.1437 


.8 


0.1161 


8 


0-1718 


■8 


01456 




0.1171 


31-0 


0-1733 


40-0 


0-3475 








:;;s 


1 


0-1494 


t 


o.n9» 


:5 


X 


0-1513 




0-1779 


0-153* 


■8 


0.1 ai 3 


.8 


0-1795 


■8 


0.1551 


J3-0 


0.1JJ3 


33-0 


o-i8io 


41-0 


0.3571 




0-1334 




0-1815 




0-3591 


■4 




i 


0-L839 


■3 


0.3611 


■6 


0-1854 


.6 


0.3631 


'S 




.8 


0-1865 


-8 


0-365. 


i4-<. 




330 


0-1883 


41-0 


0.167a 








<^.898 




0.369a 


i 


0-1300 


5 


0-1913 


\ 


0-1713 


0.1311 


0-1919 


0.3733 


■s 


o-i3>3 


.8 


0-19+4 


-8 


o-'754 


as-o 


0-I33S 


34-0 


0-1959 


43-0 


0-1775 




0-1347 




0-1975 




■4 


0-I359 


■4 


0-1990 


i 


0.3818 ■ 


.6 


0.1370 


.6 


0.1006 


0-3839 


-S 


O.I38* 


-8 




.8 


0.3861 


16-0 


0-1395 


3S-'' 


0-1038 


44.0 


o.3S3> 




0.1407 




0.1054 




V^^ 


% 


0-1419 


:8 


0-1070 


:i 


0.1431 


0-J086 


03948 


.8 


0-1444 


.8 


0.1103 


.8 


0.1971 


S7-0 


l\% 


36.0 


0-1119 


46-0 


0-1993 






o- = .36 




0.3016 


i 


oi48> 


i 




\ 


0.3039 


0-1495 




0.306, 


■8 


0.1508 


.8 




.8 


0.308s 


iS'O 


0.15)) 


37-0 


0.1104 


46<i 


0-3108 



TABLES OF PRESSURE 





Pressare in in. 




Pressure in in. 




Pressure in ui. 


t™,,^ 


ofm«™,y.t 






Tempe. 


of mercury M 


ntue. 


ja" .t Ml lerel, 




Si" It IN l««l, 




33° »t »ei IckL 




(U.-ss'-ji'.) 




(L»t. 53° «'-) 




(L3t. 53° "'■) 


,6°. 


o-3i3» 


56-> 


0-4361 


64% 


in. 
0-6001 


t 


0-3I55 
0-3178 


:J 


0-439' 
0-4414 


% 


^S 


■s 




-8 


0-4456 


% 


0-6137 


4?.o 


■ tlHe 


56-0 




650 


0-6170 




o-a^si 




0-4531 




0-6313 


■4 


0-3375 


■4 


0-4553 


i 


0.5356 


^ 


0-3399 


■6 


0-4586 


0-6300 


■8 


0-33^4 


-S 


0-4619 


-8 


0-6344 


. 48-0 


0-3349 


S7-0 


0-4653 


66-0 


0-6388 




0-3374 




0.4686 




0643J 


■J 


0-3399 


\ 


0.4730 


'i 


0-6477 


.6 


o-34'4 


0-47S4 


-6 


0.6531 


■8 


0-3450 


■ 8 


0.4788 




06567 


49.0 


0-3476 


58.0 


0.;833 


«7-o 


0-661 a 




0-35OI 




0.4857 




0.6658 


■4 


0-3527 


'x 


0.4S9I 


i 


0-6704 


*> 


0-35S4 


0.4936 


06750 


.8 


0-3S80 


■8 


0.496a 


■8 


0.6796 


50« 


0.3607 


59-0 


0-4997 


68.0 ■ 


0-6843 




0-3033 




0-5033 




0.6890 


■i 


o.3fi6o 


i 


0.5069 


■4 


0-6938 


0.3687 


0-5105 


.6 


0-698S 


.8 


o-37'4 


-8 


0-514' 


-3 


0-7033 


Si-o 


0-374* 


60-0 


o-si78 


69.0 


0-7081 ■ 




0.3769 




o-jiiS 




0-7130 


i 


0-3797 


x 


0-5251 


i 


0.7179 


0.3815 


0-5389 


0-7338 


.8 


o-38.'i3 


-8 


0-5336 


-8 


0-7377 


5S-0 


0-3883 


61 -o 


0-5364 


70-0 


07327 




o3()'0 




0.5403 




0-7377 




0-3939 


■4 


0-5440 


-4 


0-7427 


.6 


0.3968 


-6 


0-5479 


-6 


0.7478 


'S 


0-3997 


.8 


0-5517 


.8 


07519 


53-° 


o-4Qi6 


63.0 


0-5556 


71-0 


07580 




0.4055 




0-5595 




o.763» 




0-4085 


■4 


0-5635 


x 


0-7683 


< 


0-4115 


-6 


0-5675 


07736. 


.8 


o-4'45 


-8 


o-57"4 


.8 


0.77B8 


64-0 


o-4'7S 


C3-0 


0-5755 


73.0 


0-7^41 




0-4206 




0-5795 




0.7894 


:i 


0-4336 


■4 


0-S836 


i 


0-7947 


0-4J67 


-6 


0-5877 


0-8001 


■8 


0-4398 


■8 


0.5918 


-8 


0.8055 


550 


0-4329 


64-0 


0-5959 


73-0 


0-8109 



OF AQUEOUS VAPOUR, 





Ptessuie in in. 




Pre»..re Jo in. 




Pressure in in 


Tempe- 


of mercury « 


Tempe- 


of niHCuiy «l 




ofmetcuiyat 


rature. 


31° .t >e> level. 




32° .t >e> level 




Si^Miealcvd. 




(L»t.s3°ai'.) 




tut. 53°*.'.) 




(Ut, 53=31'.) 


73-1 


"8.64 


82.i 


in. 
I.O9S6 


91% 


U., 


i 


O'Saig 




1-1057 


:t 


1-4720 


■6 


0-8274 


■6 ■ 


1-I1J9 


1-4812 


■8 


0.8330 


■8 




■S 


1-4904 


U-o 


0S386 


83-0 


'-■'74 


92-0 


1-4998 




*844= 




'■'347 




1-5091 


■.i 




■6 


1-1420 


■i 


.-6-85 
1-5280 


-8 




■8 




■8 


'■5375 


75° 


0-8671 
o-8;j9 


84-0 


"Sti 


93-0 


'■5471 
1-5567 


■J 


0.8787 


i 


1.1794 


i 


l-<i664 


■6 


0'884e 


1-1870 


1.^761 


■8 


08905 


-8 


1-1946 


■s 


i-sssg 


76-0 


0-8^64 
0-9034 


85-0 


1-2023 


94.0 


1-S958 
1.6056 


1 


0-9084 


i 


\'"i^ 




1.6156 


-6 


o-9'45 


■6 


1-2256 


.6 


1.6256 


■8 


0-9205 


-8 


i-a334 




1-6356 


77-0 


o-9!66 


86-0 


1-2413 


95-0 


1-6457 




0-9328 




'■'493 




'■6559 


■4 


0-9390 


:i 


1-3573 




1.6661 


■6 


0-9451 


i-=653 


.6 


1-6764 


'8 


o-95'5 


-8 


1-2734 




1.6867 


78-0 


0-9.';? 7 


87.0 


1-2815 


96-0 


1-697 i 




0.964. 




1.2896 




'-7075 


■4 


0-9704 




1-J979 




1.71 80 


■6 


0-9768 


.6 


..3S6? 


.6 


1-7.85 


■8 


0-98.13 


.8 


1-3144 


■8 


i-739« 


79.0 


0-9898 


88.p 


i-32j8 


97.0 


1.7498 




0-9963 




1-33" 




I- 760s 


'i 


i-eoj8 


i 


»-339« 


■4 


1.7712 


■6 


1-0094 


1-3481 


.6 


1.7821 


.8 


i-oi6o 


.8 


13566 


.8 


1-7930 


So-o 


1-0127 


89-0 


1-365" 


98-0 


1-8039 




i-oa94 




1-3738 




1-8149 


:S 


1-0361 


■4 


1-3825 


i 


i-8i6o 


I-04J9 


-6 


1.3912 


I -8371 


.8 


1-0497 


■8 


1-4000 


.8 


1-8482 


810 


■-0566 


90.0 


1.4088 


99.0 


•■8595 




1-0635 




1-4177 




1-8708 


■4 


1-0704 




1-4266 


i 




.6 


1-0774 


-6 * 


'■43S6 


1-8935 


.8 


1-0844 


-8 


1-4446 


.8 


1-9050 


8„ 


1-0915 


91.0 


1-4537 
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TABLES OF PRESSURE 



Qt^L-S^f^ 1^- 3 



Shooing tkt pressure of aqueous vapour in millitnktrei of 
mercury at the latitude of Parts (48" 50^_/tfr each degree 
centigrade from —^2°C to +2^o''C. 



Tempts 


Pietmre. 


T=a.pe. 
raturt 


P^^ 


T«npe. 


Preuure, 


^ 


mm. 




mm 


^ 


nm 


~3a 


0-310 




4.363 


3" 


3>-648 


31 


0-3SJ 




4600 


31 


33-406 


30 


0.386 




4-940 


33 


35-359 


.1 


0.434 




5-3<" 


33 


37-4" 


0.464 




g.097 


34 


39-565 


a 


0-508 




35 


41-837 


<>555 


5 


6-534 


36 


44-301 


>5 


0.605 


6 


6.998 


37 


46-691 


14 


0.660 


7 


7-493 


38 


49.303 


»3 


0.719 


8 


8.017 


39 


52-'>39 




o.»83 


9 


8-S74 


.4°. 


54906 




0.853 




9-165 


S7-9'o 


ao 


0.937 




9.79a- 


4' 


;i 


1.008 




10-4S7 


43 


1.095 


•3 


ii-i5» 


44 


67-790 


II 


1. 1 89 


14 




Jl 


71-391 


1-J90 


15 




75-158 


IS 


1.400 


16 


13-53^ 


47 


79-093 


'4 


l.5»8 


17 


14-431 


48 


83304 


13 


1.646 


18 


15-357 


49 


87-499 




.■783 


19 


.6-346 


SO 


91.983 




1-933 




I7-39I 
18-495 
19-659 


5' 


96-661 


9 


174 


Vi 


S' 
53 


106-636 


s 


3-455 


n 


10.888 


54 


" 1-945 


I 


3-658 


'4 


13-184 


55 


117.478 


3.876 


»S 


"J'-WO 


56 


133-344 


5 


3-"3 


36 


J*5os 


57 


139-351 


4 


3>368 


37 


SB 


, 135-505 


3 


3-644 


38 


■38-101 


59 


i4»oi5 




3-94I 


'9 


19-78' 


60 


(^^.w,*k- 
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448 TABLES OF PRESSURE OF AQUEOUS VAPOUR. 



Tempe- 


Pcttsure. 


Tcmpe- 


Pressure. 


Tit 


Pressnrt. 


^ 


mm. 


_,_ 


mm 




mm. 




13.83-69 




14901.12 




18058.64 


)0J 


11437.00 


S13 


■5197-48 


313 


18399-94 


J04 


12694.30 


314 


1 5497- '7 


314 


18746-07 


'^ 


"955-615 


"5 


i58o'-33 


115 


19097.04 


13"I-1J 


316 


16109.94 


316 


19451-9" 


J07 


'34<P'r5 


217 


16423.15 


127 


.9813-76 


to8 


13764-53 


218 


16740-90 


328 


10179-61 


J09 


14043.5J 


319 


1 7063- 19 


329 


10550.48 




14334.80 




17390-36 


130 


10926-40 


"' 


14611.31 


311 


i?7"-i3 
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INDEX. 



Absorbed heat, 3 ; energy of, 311 

Absorption of heat, 190; seleclive, 

191 ; and ladiation of rock salt 

small, 30^; chapter on, 343- 

Achard on effect of vessel on boil- 
ing-paint, 131. 

Actinomtter, Harscliel's, 393. 

Actinometiic observalioos, 393. 

AfGaitf, chemical effects of oii 
vaporization, loS ; how affected 
by temperatare, 171. 

African desert, rapid reftigeration 
in, J5i. 

Air, temperature and pressure of, 
63 ; temperature and volume of, 
66; specilic gravity o^ 15S ; 
weighing in, 159 ; energy of, in 

Air pump to steam engine, invented 
by Watt, 359. 

Ail tberraometer, 6g ; best instru- 
ment for measuring temperature, 
400. 

Alcarazas, ill. 

Alcohol tbetmometer, 30. 

Alloys, 93- 

American eipcrimenls on pressure 
of aqueous vapour, Jj,^. 

Andrews, Dr., observationi on li- 
quefaction of gases, i»9, 431; 
table of latent neat of vapours, 
313; eiperiment* on heat of 
combustion, 373; tables of, 375; 
operiments on metallic precipi- 
tate*, 37& 



'57- 

Apparatus for freezing, 11 1. 

Aqueous vapour, pressure of, 135; 
correction foriatitude, 143; im- 
portance of to our globe, 353 ; 
tables of, 43 S. 

Aiagoand Dulong's experimentson 
pressure of aqueous vapour, 135. 

Aieometric method of measuring 
dilatation, 45. 

Artiitdal formation of ice, 354. 

Asia, rapid refrigeration in Central, 
353. 

Athermanons, I90; envelope to 
globe, ago. 

Atmosphere, relation to radiant 

Atomic Heat, 303. 
Avagadro on pressure of vapour 
ofmercnrjr, 144- 

Baker, Sir R., observatioDS on ice 
in Bengal, 354. 

Balance, compensation, 84. 

Bar, yard measDie, 74 ; destroyed 
at fire at Hoose of Commons, 
74 ! flow of heat along, j66. 

Barometric column, reduction of, 
S6. 

Barrett, Prof., on behaviour of 
heated iron, 171. 

Baudrimont'fl researches on influ- 
ence of temperature on metallic 
vrire, 170. 

Becqoerel on electric conductivity, 
170; on phosphorescence, 855. 

BeranI on polaiuation, 193. 
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BeiDODilli, Daniel, □□ motion or 
guea, 40a. 

Bessel mi vapour, 111;. 

Blid, nislcer of the English parlia- 
mentary Etandoid yard, 73; of 
the standard weight, 77. 

Blade, Dr., discovered latent heat, 
03 ; iareiited method of measur- 
ing specific heat, 393 ; measnre- 
ments of latent heat of water, 
307 ; first tried to meaioie la- 
tent heat ofBtcam, 310. 

Blasco de Garay's steam engine, 
355- 

Boiling-point, 10; contraction 
from, 59 i effect of pressure on, 
119 ; Uiennometers, i»i ; effect 
of rabstances dissolved ob 
effect of vessel nsed <hi, 
effect of air dissolved on, 
effect of liquid used on, 
table of different, 114. 

Boltzmana on motion of gaies, 
403- 

Borda, mal:er of French standard 
mitre, 7; J and of standard liilo- 
gramme. So. 

Boossingault, eiperimeots «n freez- 
ing of vrater, 93, 

Boutan, on Leidenfrost'g phxno- 
menoD 1*5. 

Bontigny s experiments on X^eiden- 
frost's phaenomenoD, 116. 

Boyle's law, 6i, 40S. 

Breeies, land and sea, 184. 

Bregnet's metallic thermometer, 85. 

Btcwster.SirD., on the solar spec- 
tram, 337; on fluorescence, 356. 

Bromine, heat developed by action 
of, 375. 

Broun on vapour, I15. 

Brunner (fils) on dilatation of ice, 
38. 

Buff's eipenment on Lddenfrost's 
pbEenomenon, 130. 

Bdt^ wet and dry, hygrometers, 
156- 

Bmisen't mvestigatioas on melliug- 
points, 93; on spectra, 336; 
discovered ca»ium and rubi- 
dium, 136; ice calorimeter, ago. 



/JVD£X. 

Caeuum, how discovered, 1^6. ' 
Ca^iard de la Tour on vapoiiia- 



. 138. 

Caiiletel, 115. 

Calibration of tube of mercoiial 

thermometer, 8. 
Caloric paradox, the, 135. 
Canton on tourmaline, 1 6S. 
Camelly, Dr., on meltmg and 

boiling-points, 145. 
Camot on conversion of heat into 

energy, 333, 338 ; his function, 

346- 
Carpenter on energy of animals, 

389. 
Carre and Co. s freezing n 



Cans, S. 6e, conception 

engine, 355. 
Cawley's steam engine, 



Charie 






Chemical afEnity, effect of on va- 
porization, 107; how affected by 
temperature, 171 ; action of 

Chemical separation, a form of 
enei^, 336; conneiion with 
heat, 37 1. 

Chlorine, combnstion in, 375. 

Clansius on energy, 313 ; on mo- 
tion of gases, 403. 

Clement and D^rmes, 311. 

Coal, potential energy of, 388 ; 
exhaustion of, 391. 

Coefhcient of dilatation, 38 ; in- 
creases with temperature, 40. 

Cold of freezing mixtures, 94 ; doe 
to vaporization, iii; apparent 
reflexion of, 19B. 

Colours, how related to wave- 
length of rays, 177. 

Combustion, energy derived from, 

Comets' nuclei, probably composed 

of incandescent gas, 33S. 
Compensation balance, 84. 



'Componnd bodies, atomic heat of, 
JOS- 

Condensation, 130 ; matnuneot 
for, 130; of gases, 333. 

CondnctioD of beat. 369,411. 

Conductivity deliiied, 165. 

Conductors, bad, of heat, a6l. 

Contraction from boiliog-poiDts, 
59; of metals, S7. 

Convection of heat, iSo. 

Cooling, Telocity of, aJ3, 584 ; 
method by, for measniing spe- 
cific heat, 3^1, 

Cornish en^es, 361. 

Crawford, 373. 

Crookes discovered thallinm, 336; 
experiment on repnlsion caused 
by heat, 41 1. 

Cryophoras, the, iia. 

Crystallization, 103; anomalies in, 
103. 

Crystals, dilatation of, 41; conduc- 
tion of heat in, 377. 

Cubical dilatation, 35 1 method of 
measnring, 35 ; table of, 37 ; 
relation to linear, 39. 

Cnmming on thermo-electric in- 

Currents, thermo-electric, 163, 
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De la Rive and De Candolle on 

conductivity of wood, 377. 
De la Roche on absoption ofheat, 

lOT, 144; and Bnard on spe- 

cilic heat of gases, 197, 
Density, standards of, 78; effects 

of tempcratare on, 78 ; change 

of, in melting, 91 ; of vaponrs 

and gases, 145; laws of, 146; 

of steam, table of, 149. 
Despreti, table of liilatations of 

water, 54 ; on lowering of freei- 

ing-point, 98 j on density of 

gases, 146 ; on conductivity, 

370; on latent beat, 310; on 

combustion, 373. 
Dewar, Prof., on Crookes* eiperi- 

ment, 411. 
Dew-point, 153 ; hygrometers, Da- 

niell's, 154; Regnaulfs. l55.-f.m-*ii.V, 
Diatheimanons, 190. ^ 

Difleiential thermometer, 14. 
Diffuse reflexion ofheat, 187. 
Diffusion, gaseous, 410. 
Digeater, Fapin's, 130. 
Dilatation, application of laws of, 

73 ; causes convection of heat, 

381. 
Dilatation of gases, 61; Boyle's 



Dale and Gladstone on effect of 
temperature on refraction, 163. 

Dalton's investigations on expan- 
sioa of gases, 63 ; law of maxi- 
mum pressnre, 106; on vapour 
pressDiei, 1 45 ; on combustion, 
373- , 



Dark heat, 181 ; lellected, 184 ; 
reproduces optical phEenomena, 
19s I limit of, 33a ; absorption 

Davi, Sir H., first Studied influence 
of temperature on electricity, 
169; his satety-lamp, 376 ; "- 



temperature and volume, 67 ; 
air thermometer, 69. 

Dilatation of liquids, 44 ; appa- 
rent and real, 44 ; methods of 
detetlnining, 44 ; of mercury, 
46 J of water, 53 ; of other 
liquids, 57 ; of volatile liquids, 
58 ; contraction from boiling 
pomtE, 59. 

Dilatation of solids, 37 ; experi- 
ment shewing, 38 ; of uncrystal- 
lized solids, 38 ; coefBcient of, 

34 ; cubital, 35 ; relation of 
cubical to linear, 39 ; increases 
with temperatnre, 40 ; of crys- 
tals, 41 ; general remarks on, 

*'■ . .l.ooglc 



Diapenion, effects of tempcratore 

Dissipation of energy, 3^9, 
DislillatioD, no. 

Diion on heat, 143 ; his tables of 

pressure of aiineoas vawiar, 438. 

Donati, investigations into sut>- 

Donny, on boiling-point of pure 

Double-action of steam engines In- 
vented by Watt, 360, 

DrioQ's observations on volatile 
liquids, 59 ; laws of liquids in 
a capillary tube, 171. 

Drops, Prince Rupert's, 370, 

Dry and wet bulb hygionieteis, 
156. 

Dufour, 97. 

Dolong and Arago's experiments 
on pressure of sqneous vapour, 
'35- 

Dulong and Petit s observations on 
cubical dilatation, 3 7 ; method of 
measuring dilatation of liquids, 
47 i of gases, 63 1 experiments 
OD cooling in vacuo, 123; in a 
gas, 284 ; on specific heat, 193 ; 
on atomic heat of bodies, 303. 

Dumas 00 density of gases, 146. 

Dnpre and Page on the specific 
heal of mixtues of alcohol and 
water, 297, 

Ebullition, ii8. 

Elasticities, the two, how connected 
with the two specific heats. 418. 

Electric conductivity, how affected 
by teroperatuiB, 169 ; similar to 
thermal, 274. 

Electrical separation a form of 
potential energy, 326. 

Electricity, effects of temperature 
on. 163-170; a form of mole- 
cular energy, 326 ; how con- 
verted into heat, 363. 

Encke'5 comet, 384. 

Energy, remarks on, 314 ; delini- 
tion of fcinctic, 316 ; potential, 
319; problems in, 313; forms 
ofj 314; laws of 



of, 336 ; connexion between 
heat and mechanical energy, 
317 ; connexion betwerai heat 
and other forms of ene^y, 363 ; 
dissipation of, 3791 sources of, 

"'■ 

Engines, reversible, 337 ; heat, his- 
tory of, 353. 

English standard of length, 73 ; 
of weight, 76; of density, 78, 

Eolipyle of Hero, 354. 

Equilibrium of heat rays, 200 ; of 
light rays, 214, 

Erman's olnervations on Rose's 
fusible metal, 41. 

Errors in thermometers, !£, 16; 
how corrected, 17. 

Evaporation, cold of, 1 1 1 1 its 

U... n7. 
Exchanges, theory of, in heat, 196. 
Expansion of metals, 87 : practical 

methods of allowing for, 8S. iir**4t,ia 
Expansive working of Watt's steam 

engine, 360. 
Eye, how affected by different rajs. 



Fahrenheit's scale, graduation of, 

Fairbaim and Tale's experiments 
on density of steam, 148. 

Faraday on regelation, 99 ; on 
cold from evaporation, iia ; on 
Leidentrost's phenomenon, 125; 
on liquefaction of gases, 130, 

Favre and Silbermano measure la- 
tent heal of vapours, 313 ; on 
heat of combustion, 373 ; tables 
of, 375. 

Fizeau on the behaviour of iodide 
of silver when heated, 41 ; in- 
fluence of motion on radiation, 
234. 

Flame, nature of, 377. 

Fluctuation thennometer, 94. 

Fluids, conductivity of, 378. 

Fluorescence, ijS ; likeness to 
phosphorescence, 158 ; practical 
uses of, 259. 

Fluxes, 93. 

Food, potential energy of, 3S8. 



Forbes, explanation of regelation, 
^g ; on refraction of daik heat, 
189; on absorption of heat, 
191 ; on polarization of heat, 
193 ; on lioM' of heat along a 
bar, 366 ; on variation of con- 
dnctivity with temperature, aji ; 
actinometric observationa, 396. 

Foimalx of interpolation, 138. 

Foncanlt's experiments on light 
rays, 319; onievolvingdislc, 331, 

Fonrier on flow of heat across a 
wall, 26^ I along a bar, 366, 

Frank land on the influence of 
preasmB on the spectmm of 
hydrogen, 334; on tidal energy, 
390. 

Fraanhofer on solar apectrnm, 190, 
337- 

Freezing miitnres, 94 ; of a lake, 
98; apparatus, 111; Carry's 
machine, 113. 

Freezing-point, 9; lowering of, 93; 
under pressure, 398. 

French standard of length, 75 ; of 
weight, 77 ; of density, 78. 

Friction, Joule's eiperinients on, 
33°- 

Fuel, potential energy of, 33S. 

Fusion, 90 ; latent heat of, 91 ; of 
ice, used as a method of measoi- 
ing specific heat, 389. 

Galileo recognised tbe functions of 

a machine, 310. 
Galloway on safety lamps, 377. 
Galvanometer, Professor Sir W. 

Thomson'i, 1(15. 
Gas, ordinary, heat of flame of, 

377- 

Gaseous motion, theory of, 403. 

Gases, dilatation o(, 6t, 73 ; con- 
densalioa of,l3o, 333 J pressure 
of, 133; density of, 145 -, radia- 
tion of, 133 ; absorption by, 
344; convection in, 38a; specific 
heat of, 397 ; heat evolved from 
SolntioD of, 378 ; molecular 
theonr of, 403, 

Gassiot s investigations in elec- 
tricity, 3G4. 
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Gay Lnssac's table of C( 

of liquids, 59 ; on the vapours 
from miied liquids, 107; no 
effect produced on vapour pres- 
sure by change from liquid to 
solid state, 145 : law of density 
of gases, 145, 403 ; method of 
research on density of gases. 



Geysers of Iceland, c 



heat in 



a of 



Gladstone and Dale on effects of 

temperature on refraction, 163. 
Glass, radiation from, 307 : ligbt 

rays from transparent, 316; 

from coloured, 317. 
Glauber's salt, 103- 
Globe,with athermanous envelope, 

350; the terrestrial, 351 ; un- 

3ual temperature of, a source 
ene^y, 390- 
Gore, G., observations on iron, 

171. 
Graduation of mercurial thermo- 
meter, 13 ; Fahrenheit's scale, 
13 ! Centigrade, 13 ; Reaumur, 



of 



Grassi on effect of lempcralure on 

compressibility, 173. 
Gravity, specific, of mercury, 79 ; 

table of, 114: of air and gases, 

150, 158 ; affects i 

heat, 183. 
Gridiron pendulum (Harrison's), 

83- 
Grove's eiperimentj on boilmg- 

points, 133 ; on energy, 333. 
Gnthrie, Professor, on freezing 

mixtures, 94 ; on the conduc- 
tivity of liquids, 379. 

Haidii^er on reflexion from gold, 

349. 
Harrison's gridiron pendulum. 



Hartnup on temperature correc- 
tions of chronometers, 85. 

Haiiy on electric properties of 
crystals, 169. 
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Held of water, i form of poteatial 
visible energy, 334, ja?, 389. 

Heat, delicition of, l ; measiued. 
by tiienDDmetere, 7-37 ; ciBses 
dilatation of solids. 37-43 ; of 
liqnids, 44-60 \ of gasei, 61- 
71 ; effects of on standuds of 
leogth, weight, and density, 73 ; 

baiometric column, 86 ; on ei- 
piDsioa and contiactiQn of 
metaU, 87 ; cause* fbsion, 90 ; 
melting-poiDts, 91 ; latent in 
fusion, ga ; effect on vaporiza- 
tion, T05; causes cbnllition, 1 18 ; 
boiling-poinlE, 1 19-1 34; vapori- 
zation a.t very higb tempoature, 
137; effect of on refraction and 
dispersion, 163; on electric 
properties of bodies, 163 ; on 
magnetism, 170; on chemical 
affinity, 171; on other proper- 
ties of matter, 173; radiant, 
174; spectra of heated bodies, 
iSi \ reflexion of, 184; refrac- 
tion of, 1G8 : absorption of, 190; 
polarisation of, 193 ; probable 
identity with li^U 194 ; theory 
of exchanges of, lg6 ; heat rays, 
equilibrium of, 300 ; for snr- 
faces.zoo; for thin plates, 306; 
internal radiitioD, 109 ; light 
rays, cqnilibrium of, »I4 ; radia- 
tion of, at different tempera- 
tures, HI; from lamp-black, 
ill ; quantity of, 333 ; qoality 
of, 3 30 ; radiation of, &om a 
particle, 333 ; absorption of 
flarlc, 343 ; refrigeration, 351 ; 
phosphorescence, 3J4 ; fluor- 
escence, 156; conduction of, 
363 ; across a wall, 161 ; along 
a bar, a66; conductivity of 
metals, 370; transmlssioD of, 
compared with Iransmission of 
temperature, 175! conduction 
in Qon-homogeneous solids, 377 ; 
in fluids, 173 ; in gases, 411 ; 
convection of, 180 ; in liquids, 
]8t ; in gases, 381; specific, 
J87 . , „„ . 



tolidi, 193 ; of liquids, 195 ; 
of gases, 197 ; atomic, 303 ; 
latent, 306 ; oi liquefaction , 307; 
of vaporiiation, 310 ; is a kind 
of motion, 314; energy of radi- 
ant. 335 ; of absorbed, 335 ; 
laws of tiiermo-dynamica, 339 ; 
convert OD, of mechanical energy 
into, 339 ; caused by fluid fric- 
tion, 330 ; specific, of gases of 
constant volnme, 335 ; conver- 
sion of, into mechanical raergy, 
337 '• engines, theory of, 340 ; 
engines, history of, 353 ; cc«]- 
neiion with electricity in mo- 
tion, 363 ; connexion with mole- 
cular potential eneigy, 36S ; 
latent, 368.- connexion with 
chemical separation, 371 ; units 
of, developed in combustion, 
375 ; &om metallic precipitates, 
376; absorbed when salts dis- 
solve, 377; evolved during solu- 
tion of gases, 378 ; tiansmuted 
into energy of chemical separa- 
tion, 378; uniformly diflused, 
383 ; of sun's rays, 39I ; measnie 
of temperature, 400. 

Heat engines, 337 ; history of, 353. 

Helmholtz on energy, 334 ; on 
energy of animals, 389 ; origin 
of snn's heat, 396. 

HerapQth on motion of gases, 401. 

Heros engine, 354. 

Hetschel, Sir J., on fluorescence, 
356 : on potential energy of 
food and fuel, 388 ; instrument 
for measuring solar heat, 391. 

Henchel, Sir W., on refraction of 
heat, 1S8. 

Herw^, Dr. Hermann, c 



■nd Gay Lnssac's laws, i_ 
Hess, 373. 
HomonneoQS solids, conductivity 

of, 363. 

Hope's remarks oD dilatation of 

Hopkins' investigations into melt- 
ing-points, 93 : on radiation 
from heated bodies, zag. 



Hoppe's bands, 148. 
Horse-power, defined, 361, 
Hnggins on motioa of stars, 135 ; 

inrestigations into naCnie of 

stars, comets, and oebnl^, 33!). 
Humidity, relative, of air, 150. 
Hygrometers, Daniell's dew-point, 

lS4i RegoBult's, 155; wet and 

dry bulb, if; 6. 
Hygromctry, 151. 
Hygioscopes, 154. 

Ice, observations on dilatation of, 
33 ; artificial formation of, 254 ; 
fusion of, measures specific beal, 
289. 

India-rubber contracts instead of 
expanding by increase of tem- 
perature, 418. 

Indinm, how discovered, 236. 

Instruments for iDeasuriDg tem- 
perature,— therm ometers, 6-15 ; 
other inslmmenta, 26. 

Internal radiation, amount of. 210. 

Interpolation, formulae of, 138. 

Inversions, thermo-electric, 167. 

Iodine, heat from action of, 375. 

Irvine on specific beat, 296. 

Isothermals of a perfect gas, 428; 
of steam, 429; of carbonic acid, 
43'- 

Jamin's experiments on effect of 
temperature on refraction, 161 ; 
on refleiion of beat of light, 
r87. 

Jansseo, observations on the sun's 
atmosphere, 138. 

Joule on speci^c heat of air, igS ; 
experiments in tbermo-dyna- 
miCE, 330; and on specific beat 
of gases, 333 ; investigation of 
heat of voltaic electricity, 366; 
on Peltier's pbEenomenon, 367 ; 
■ ' 'ergy, 389 ; on mo- 



ig of gasi 



. 403' 
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Kinetic ene^, 316 ; energy of 

air and water, 390. 

Kirchboff has developed Prevost's 
theory, 199 ; experiments on 
ligbt rays, 214; researches into 
spectra, 236 ; discovery of pres- 
ence of sodium, &c. in beavenly 
bodies, 237. 

Knoblauch 00 reflexion, 1S7. 

Kopp's observations on cubical 
dilatation, 37 ; on Rose's fusible 
metal, 42 ; on contraction from 
boiling-points, 60 ; on boiling- 
point!, 124; on atomic beat, 
306. 

Kronig on motion of gases, 402, 



Lambert on oblique radiation, 203. 

Lament's, Dr., experiment on 
evaporation, 115. 

Lamp, safely, 276. 

Lampblack radiation, 199, 121 ; 
velocity of cooling from lamp- 
black surhce, 323. 

Langley's bolometer, 26. 

Latent heat first taught by Dr. 
Black,9i; what it is, 306,368; 
of steam, 310, 368. 

Lavoisier's measorement of dilata- 



Laws, of dilatation of solids, 27 ; 
of dilatation of crystals (Mit- 
scherlicb), 4! ; of dilatation of 
liquids, 60; Boyle's law, 62 j 
of eipansion of gases (Charles' 
law), 63 ; of dilatation of gases 
(Kegnault), 69 ; of fiision, 90 ; 
of solidification, 96 i of maxi' 
mum pressure in vacuo (Dalton), 
106; of mixtures of gas and 
vapours, 107; of evaporation, 
ri7; of Leidenfrost'sphsenome- 
non, 125; of relation between 
volume and temperature of 
gases, 131 ; of density of gases, 
145 ; of relation between tem- 
perature and refinction (Glad- 
stone and Dale), 163; of elec- 
tric-currents (Seebeek), 163 ; 
of radiation of beat, 174; of 



45fi 



l4i of 



reflexion of dark lieat, 
TefracCion, i88 ; of poh 
&c, igj ; of radiation i,e»- 
chflDges), Jo6 ; of intcrnaj radia- 
tion, 2141 of absorption and 
radiation, aao; of velocity of 
cooling, 3a J ; of radiation from 
blank bodies, 119; from gases, 
aji; of dew, 352; of fluor- 
escence, 154; of flow of heat 
across a wall, 361 ; of conduc- 
tion of crystals, 377 ; of cooling 
dne to a gas, 384; of specific 
heat of solids, 393 ; of liquids, 
Ji)5 ; of gases (Regnault), 397 j 
of atomic heat, 303 ; of energy, 
336 ; of ihenno-dyoaniics, 317. 

Leidenfrost's phsenomenon, 115. 

Length, standard of, 73-76. 

Lens-front thermometers, 33. 

Lesage on motion of gases, 403. 

Letlie's differential thermometer, 
34 ; first to freeze water by 
evaporation. III ; experimmts 
on reflexion of dark heat, 1S5 ; 
. table of results, 18G ; on radia- 
tion and reflexion, 300 ; on ob- 
liqne radiation, 103: on law of 
cooling in gases, 185. 

Lieht, its heat reflected, 187 ; and 
heat, probably identical, 195 ; 
heat, and sound, analogy of, 
111 ; absorption of, 343; energy 
of. 3»5- 

Light, rays,' equilibriam of, 314. 

Linear dictation of tmcrystallized 
solids, J 8-3 5. 

Liquefaction and solidification, 
88-104 i latent heat of, 307. 

Ijqnids, dilatation of, 44-60 ; elec- 
tric condnctivity of, 169 ; con- 
vection in, aSo; specific heat 
of, 295. 

Ijversidge, 103, 

Lockyer, J. N., on spectra, 334; 
the nature of the sun's atmo' 
sphete,a39; on the influence of 
pressure oa the spectrum of hy- 
drogen, 239; on the motion of 
the sun's atmosphere, 384. 

Locomotives, 36 a. 



Machines, fimclions of, 330. 
Magnetism, effect of temperature 
1, 170: disturbances of, due 



thesti 
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Magneto-electricity, experiments 
1^ Foncault, 333, 

Magnus on dilatation of crystals, 
43 ; of gases, 63 ; on mixed 
liquids in a confined space, 107 ; 
on boiling-points of saline soln- 
tions, 131 ; on the effect of air 
dissolved on boiling-point, 133; 
on the reflective power of snb- 
stances for dark heat, 349. 

Mains on polarization, 193. 

Marcet's experiments on boiling- 

Marchand on Leidenfrost's pbeeno- 

Marianini on electric condnctivity, 
170. 

Manlotte s law of dilatation of 
gases, 61. 

Mason's wet and dry bolb hygro- 
meter, 156. 

Material naediiun pervading space, 
384. 

Malteucci on condnctivity of heat 
in bismuth, 2?7. 

Matthiessen's table of cubical dila- 
tation of metals and alloys, 38 ; 
absolute eipansion of mercury, 
51 ; of water, 57 ; table of elec- 
tric conductivity, 168. 

Maximum thermometer, 11. 

Maxwell on motion of gases, 403 i 
on velocity of sound, 422. 

Mayer on expansion of gases, 333 ; 
on animal energy, 389 ; on tidal 
energy, 389 ; on solar heat, 397. 

Measures of lime, how affected by 
temperature, 83. 

Mechanical energy convertible into 
heat, 321. 

Melloni^ proof of law of radiation 
of heat, 1 79 ; uses pile and rock 
salt, 189; on refraction of dark 
heat, 189 ; on radiation of air, 
>33 ; table of absorption of beat, 



; table of, 91 ; 



Melting-pi 



cbai^^e of denut; at, 91 ; tfftct 
of pieasnie on, 92. 

Mercurial pendnlnm (Graham's), 

89. 
Mercurial thenDometer, process of 

filling, 7 ; calibration of, S ; de- 
■ in of freezing-point of. 
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ID of, I 



point off 10 ; gradna 
various scajles of, 13 ; cu[ii»;iiuu 
for change of zero of, 16] other 
sonrces of error of, 17; with 
crown gloss envelope, erron of, 



Metal, Rose's fnsible, 41. 

Metallic precipitates, 376. 

Metallic thermometer (Bregnet's), 
85 ; reflexion, 349. 

Metals, cubical dilatetion of, 
expansion aod contraction 
80; in thermo-electric se 
1 64 ; electric condaclivily of, 
169 ; light ra3rs from poluhed, 
115; relative thermal conduc- 
tivity of, 370. 

Mitre, Freni^ standard, 75. 

Miller, restored standard pound. 

Millers (W. A.) table of boiling 
points, &c., 114; on spectra of 
nea?enly bodies, 338. 

Minimmn thermometer, ai, 

Mitscberlich'g observationB 00 di- 
latation of crystals, 41. 

Mixture method of measuring spe- 
cific heat, 3 88. 

Mixtures, freezing, 94. 

Molecular energy, 334; converted 
ioto heat, and inee vena, 368 ; 
state, gradual change of, 370. 

Mont Blanc, boiling-point on 
summit of, 130. 

Motion, radiation is probably un- 
dulatoiy, 176; perpetual, 314, 

Moubbod'i experiment! on ice, 
93- 
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Natterei's mixture for evaporation, 
113; on condeosation, 131. 

Nebulx, composed of incandescent 
gas, 338. 

Negrettl and Zambia's maximum 



Neumann on atomic heat of com- 
pounds, 305. 

Newcomen's steam engine, 357. 

Newton discovered composition of 
light, 180; his law of cooling, 
3231 recognized the functions 
of a machine, 330. 

Nobili's thermo-pile. 189. 

Oceanic depths, thermometer for 
measnring temperatures of, 36. 

Optics, phajnomena of, reproduced 
in radiant beat, 19^. 

Oxygen, combustion m, 375. 

Papin's digester, l3o; his steam 
"■E^^i 3S6- 

Particle, radiation of a, 333. 

Pedet on conductivity, 165, 373. 

Peltier, 367. 

Pendulum, Graham's mercurial, 
S3 ; Harrison's gridiron, 83 ; 
energy of, 335. 

Perfect engines, 346. 

Perpetual motion, 315; why im- 
possible, 380. 

Person's experiments on latent 
heat, 308. 

Petit and Dulong's observations on 
cubical dilatations, 37 ; method 
of measuring dilatation of li- 
ijuids, 47 ; of gases, 63 ; expe- 

333; in a gas, 384 ; on specific 
heat, 393 ; on atomic heat of 
bodies, 303. 
Phillips' man imam tbermometer, 



Phipson on dilatation of crystals, 

43- 
Pbosphorescence, 354 ; likeness to 

fluorescence, 358; practical uses 

of, 359. 
Fhosphoroscope, 15J. . 
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VhauygiKpiyj, chemical choDge in, 
379- 

Phyilcal btws, gisphical yepiewa- 
tatioD of, 437. 

PhytiMl properties of bodiet, i«Ia- 
tian between the Tariooi, de- 
duced from the djMmiol theory 
of heat, 413. 

Pictet'a experiment od apparent 
rvlUtion of cold, 1 98. 

Kctet, Raoul, 115. 

Pierre's roeaiches on dilatntion of 
watery solutions, 53 ; of other 
iiquids, 57 ; table, 58 ; laws of 
contraction of liqaids, 60 ; ob- 
ReiratioDi oQ boiling-points, 

Plate, white, light mji from, 3^ 
Plates, bundles of, used for poll 
iiation, 193 ; thin, heat equili- 
brium of, ao6 ; light rays fr — 



ipedfic heat of, 193 
useful as a pyrometer, 193. 
Poggendoif on Leldenfi'ost's ph^ 



Polished mteal, light radiation 

Porta's conception of a steam en- 
gine, 355- 

PotentiaJ energy, 319. 

PouilteC'i measurement of dilata- 
tion, 3t 1 speciRc heat of plati- 



194; " 



t fori 



suring the sun's beat, 393. 

Found Troy, formerly English 
standard of weight, 77. 

Precipitates, metallic, 376. 

Pressure, change of, in gases, 63 ; 
of air, 64; effect of, on meltlng- 
pomts, gi ; effect of, on solu- 
tion, 96 ; Tapoor pressure in 
vacuo and in gas, loti, 107, 108, 
115; inflnence of, on boiling- 
point, 119; of vapour, 13a; of 
aqueous Tapour, J 34 ; correc- 
tion for latitude, 141 ; effect of, 
in lowering freezing-point, 398 ; 
tables, of, 43S. 
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Prince Rnpert's drops, 370. 

ProTostaye and Desains on re- 
Sexion, 187 ; on absoqidon of 
heat, 19a ; on eidianges, 199; 
cm radlatioD and reflexion, 101 ; 
on poLtiimtion, ao6 ; on cool- 
ing, a]9 ; on latent heat, 308. 

Pyrheliometer, 393. 

Pyro-elBctridty, 168. 

Pyrometer, Wedgwood's, a6 ; Sie- 



Qnantity of radiation, ao4, a a J. 

Radiant heat, defined, 173 : radia- 
tion in vacno, 175 ; on all sides. 
1 75 ; with same velocity as light, 
171;; can pass through some 
(ubslances, 1 76 ; is probably 
undulatoiy motion, 176; laws 
of its intensity, 178; reflexion 
of, 184; refraction of, 18S 1 
absorption of, 190 ; polariia- 
tion of, 19a ; theory of ex- 
changes, T96 ; equilibrimn of, 
100 ; ofrocli salt, ao7 ; of glass, 
307 ; of thin plates, »o7 ; inter- 
nal radiation, 307 ; from lamp- 
black, aaa; absolute measure 
o^ 3>9 ; of a particle, 331 1 of 
gases, 33a ; energy of, 335. 

Radiators, bad, are good re- 

Kamsden's measaremeDt of dilata- 
tion, 39. 

Rankioe, author of the term Po- 
tential Energy, 319 ; on energy, 
3'3i 3>4 ; on velocity ofsoimd, 
4»'- 

Rapidity of refrigeration in Cen- 
tral Aua, ftc, aja, 

Rayaof light, how composed, iSo; 
(heir properties, iSl ; eqoili- 
biium of, 314, 1 iDoli' 



Reaumni's thermometer, 13, 15. 

Rednclion of Fahrenheit's, Centi- 
grade, and Reaumnr's scales, 14. 

Retleclors and cadiatois, loo. 

RelleiiOD of heat, iS;;; apparent, 
of cold, 198; metallic, 149. 

ReftactioQ affected by tempera- 
ture, i6a ; of heat, 188. 

Refrigeration, rapid, in Central 

A.r., ,52. 

RegcUtion, 99 ; probable expia- 
tion of, 99-Joii. 

Regnaalt's apparatoK ibt ascattain- 
ing temperature of steam, 11 ; 
OKcrvations on dilatation, 41 1 
method of measniiig dilatation 
of liquids, 46 ; method of inves- 
tigation of diUtftlion of air, 67 ; 
of gases, 68 ; laws, 69 ; air 
thermometer, 69; experiments 
oa mixtnre of gas and vapom', 
107 : on vapour from mixed 
liquids, 107 ; researches on pret- 
lare of aqueons vapour, 1 34 ; of 
other vapoois, 143, 144; od 
density of gases, 145 ; table of 
weight of a litre of gases, 1 50 ; 
hygrometer, 1 54 ; experiments 
on specific heal, 387-306 ; on 
latent heat, 306; of steam, 311. 

Reich and Reichtei discoveled in- 
dium, 236. 

Reversible engines, 337. 

Reynolds, Osborne, on condensa- 
tion of steam, 1 10 ; on Crookes' 
experiment, 411 ; on Sound 



Roscoe,absorption lines of sodimn 

vapour, 334- 
Rose s fusible metal, 41. 
Rowland, 33a. 

Rubidium, how discovered, 136. 
Riicker, 30. 
Rudberg on boiling of water, 10 ; 

dilatation of gases, 63 ; on boil- 



ing-points of saline solutions, 

RuhmkoriTs machine, 363, 39a. 

Rumford, Count, on latent heat, 
310; on conversion of enei^ 
into heat, 312; on energy of 
animals, 389. 

Rupert's, Prince, drops, 370. 

Rutherford's maximum ttenno- 



Safety lamp, 176. 

Sahara, rapid refrigeration in, 151. 

Salts, dissolved, heat absorbed by, 
377- 

Saturated steam, 369. 

SaioraHon. 151. 

Saussure's hair bygroscope, 153. 

Savery's steam engine, 356. 

Scbolti-Sellack on absorplion, 19 1 . 

Sdiuster. absorption lines of so- 
dium vapour, 334. 

Seebeclt's law of electric currents, 

■63- 

Seguin and Mayer on the mecha- 
nical equivalent of heat, 333. 

Selective absorplion of beat, 191. 

Senormont, De, on condnctitm in 
crystals, IJJ. 

SheepsJmnks, maker of the parlia- 
mentary standard yard, 74. 

Siemens, C. W., his pyrometer, 16. 

Simple bodies, atomic heat of, 

Sodium, metallic, vapoor ot, 134. 

Solar spectnm), 181. 

Solid bodies, spectra of healed, 
183. 

Solidification and Uqaefaclion, 88- 
104. 

Solids, dilatatitm of, 17-43 '• "li' 
crystallized, 38-40; crystalliied, 
40; conduelion of homogeneous, 
i6t ; of non- homogeneous and 
of crystals, 277 ; speciQe heat 
of, 293. 

Solution, 94 ; effect of pressure on, 
94. 

Sorby on influence of pressure on 
solution, 96. .ooqIc 
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Sonad and light, analt^y between, 

310 ; velocity of sound, 430. 
Soareea of energy, 387. 



''•ta, 



Space pervaded by a CDa.terial mc- 
dinm, 384. 

Specific gravities, table of, 114; 
of ait and gases, 150, 158. 

SpfCitic gravity bottle, 45. 

Specific heat, 187-306 ; of gas of 
constant volume, 335 ; the two 
*"^ Epecihc heats connected with 
the two elasticities, 419, 415. 

Spectra of heated bodies, 181 ; of 
gases, J31. 

Spectroscope, 136. 

Spectrum, what, 181 ; of light and 
heat, i8a ; chemical, 183; its 
character and use, 195. 

Spheroidal state, 135. 

Standardof length, 73; of weight, 
76 ; of density, 78 ; French and 
English, 80. 

Start, constitution of, 337. 

State, change of, 88-161 ; sphe- 
roidal, 135; influeDce of state 
on specific heat. 303. 

Steam, temperature of, denotes 
3l3°Fahrenbeit, II ; pressnre at 
various temperatures, 134; la- 
tent heat of, 310; engine, his- 
tory of, 353 i saturated, 368, 

Stephenson's locomotive, 36a ; on 
atial energy of food and 



fuel, 3I 



Stew, 



t, Balfonr, flue 



temperature of air, 64 ; de- 
velopes theory of exchanges, 
197; eiperimentsoa light, J14; 
modilication of Bunsen^s calori- 
meter, ig] ; on the heating of a 
disk by rotation in vacuo, 384 ; 
revolving body in indosure, 385 ; 



r, 396. 



gligl 



Stotes' method of obs 

tween absorption and radiation, 
110 ; correct conjecture as to 
spectra, 237 ; on absorption of 
light, 348; on reflexion &om 



metals, 149 ; explanadoD of 
fluorescence, 357. 
Stream of radiant heat, laws of. 



SubiimatioQ, 105, ug. 

Sulphur, native, energy of, 390. 

Sun and stars, constitution of, 137 ; 
direct rays of, B form of energy, 
387; sun is ultimate edui ■ 
energy of food and fuel, 
of heal of water, 389; of ' 



ai 






• 390; 



Surfaces, heat equilibrium o^ loo ; 

light equilibrram of, 315. 
Svanberg, on conductivity of bU- 









Tables, of temperature of steam 
under pressnre, 11 ; of dilatation 
of uncrystalliied solids (linear), 
33; (CQbical), 37, 38; of diU- 
tation of mercury, S 1 ; of water, 
54; of other liquids, 5S; of di- 
latation of volatile liquids, 59 ; 
of contraction of alcohol, and 
sulphuret of carbon, 59 ; of di- 
latation of gases, 68; of com- 
parative temperatures, 71 ; of 
comparison of French and Eng- 
lish standards, 76, 77 ; of melt- 
ing-pwnts, 91 ; of freezing-mix- 
tures, 96 ; of boiling-points and 
specific gravities, 134; of va- 
porization (Cagniard de la 
Tour), ia8 ; of pressure of va- 
poors, 144; of densities of gases 
and vapours, 145 ; of density of 
steam, 149; of gases, 150; of 
vapours, 1 go ; of efiecls of tem- 
perature on refraction, 163; of 
electric conductivity, 169 ; of 

locity of cooling (Dulong), 324, 
335 1 of radiations in vacuo, 
330 ; of absorption of heat 
(Melloni), 343; of gases, 344; 
of thermal conductivity of mc- 



taU, tji ; of vaiiatioa of the 
Esme with lempemtoie, 173 ; of 
comparison between thermal 
•nd electric coiiductivit<r, 1741 
of thetmal resialance of liquids, 
aSo ; of rise of specific heat 
with temperalare, 394 ; of spe- 
cilic heat of platianm, 194 ; of 
Specific heat of solids, 195 ; of 
water, J97 ; of gasesnnder con- 

of slate on specific heat, 303 ; 
of atomic heat of simple bodies, 
303 ; of compound bodies, 306 ; 
of latent heat of liqnids, 310; 
of steam, 31] ; of vapours, 313 ; 
of work done bj sleam engines, 
361; ofheat of combustion, 375 ; 
of aqueous vapour, 439. 

Tail, on thermo-electric inver- 
sions, 168, 171 ; eupcriment on 
radiation, 116 ; experiments on 
theimal and electric conduc- 
tivity, 174; on the healing of 
a disk b^ rotation in vacuo, 
384; on tidal energy. 39°; on 
Crookes' experiment, 413. 

Temperalure, preliminary defini- 
tion of, 5 ; equilibrium of, 5 ; 
instruments for measurement of 
—thermometers, 7-35 i Other 
instruments, 36 ; measured by 
air thermometer, 69, 401 ; effect 
on standards of length, mass, 
and density, 73 ; effect on mea- 
sures of time, Si; on baro- 
metric column, 85 ; effects of, 
on refraction and dispersion, 
l6a ; on electrical properties of 
bodies, 163-170; on magnetism, 
170; on chemical affinity, 171 ; 
OD other ptoperlics of matter, 
171 ; moveable equilibrium 0!, 
197 ; affects quantity of radia- 
tion, 373; affects quality of heat, 
130 ; affects thermal conduc- 
tivity, 373; affects specific heat, 
'94> 197 ; abaoluteietoof, 3S3; 
energy derived from differences 
of, 400 ; explanation of, 40a. 

Thallium discovered, 136. 
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Thermal conductivity, 365, 373 ; 
similar to electric, J74. 

Theimo-dynamicE, laws of, 339- 
353- 

Thermo-electric cnrients, 163 ; 
series, 164 ; inversions, 167. 

Thermometer, requirements of a 
good,6; alcohol, ao; maximum 
andminimum,]! ; lens-front. 33; 
differential, 34 ; fluctuation, 34 
Bvitreoua, 15 ; deep sea, 30 
use of to measure dilatation, 44 . 
air, 69 ; metallic (Bteguets), 
S5 ; boiling-point, lai. 

Th^mometer, mercurial, J ; how 
lilled,8; calibration of, 8; fixed 
points of, 9 ; freezing-point of, 
9 ; boiling-point of, 1 □ ; gradua- 
tion of, 13 ; scales, 13 ; correc- 
tions for change of zero, 16 ; 

Thermometric scale, 401. 

Theimo-pilc, 164; used to inves- 
tigate radiant heat, iSj. 

Thiloriet's observations on dilata- 
tion of carbonic acid, {8 ; con- 
densing instrument, 150. 

Thin plates, radiation from, 307 ; 
light rays from, 3 16, 

Thomson's, Professor J., conjec- 
tures as to melting-points, gi; 
on tidal energy, 389 ; on effect 
of pressure on freezing-poiot, 
398 ; on relations between the 
Gaseous, the Liquid, and the 
Solid states of Water^ubstance, 
433. 

Thomson, John M., t03. 

Thomson, Professor Sir W., proved 
the truth of his brothers con- 
jectures. 93 ; reflecting galvano- 
meter, 165 ; on therm o-dynamics, 
338 ; on perfect engines, 346 ; 
on Peltier's phsnomenon, 367 ; 
on heat required 






3f energy,' 382; on 
1 of heat into poten- 
tial energy of chemical separa- 
tion, 383 ; on filial energy, 390 ; 
on origin of solar heat, 397 ; on 



Time, meaanres of, 81-85. 

Tomlinson, C, on EDpersaturaleii 
■olutions, 103 ; on boilnig- 
points, 113. 

Tomcellian vacunm, 106. 

Touimaline, 168 ; use of in expe- 
riments on polarization, 193 ; 
light rajs from, 1 1 7. 

Trade winds, aSa. 

TransmissioQ of Ttys, table of, 
145 ; of heat and temperature, 

Tiansmntation of eaagj, laws of, 
316. 

Tjndall on the decomposition of 
certain vapours by light, 183; 
on dark heal, iga ; on absorp- 
tion of heat, 146 ; on artificial 
formaiion of ice, 354 ; on con- 
duction of heat in wood, 37^. 



Uncrystallized solids, dilatation of, 
3S-40. 

Uadulatory motion, radiation a 
foim of, 1 76 ; theory of light 
conlirmed by analogy, aao. 

Unit of heat, a88. 

Universe, its motions suffer degra- 
dation, 384. 

Vaporization, in tscuo, 105 ; effect 
of chemical aOiniCy tm, loS; 
cold dne to, 11 1; modes ot, 
117 ; latent heat of, 31c 

Vaponr, and gas miicd ii 
fined space, 107 ; condensation 
of, 130; piessnre of, 133 ; le- 
' '« ; 



:ous condition of certain bodies, 

Visible energy, 334. 
Vogt on electric conductivity, 169. 
Volatiie liquids, dilatation of, 58. 
Voltaic electricity, its calorific 

etiMt, 363. 
Von Bose on electric conductiTily, 



Wall, flow of heat across, afia. 

Water, dilatation of, 51 ; weight 
of cubic inch, 78; specific heat 
of) *97i 303 '• latent heat of, 
307 ; head of, as enei^, 334, 
3S9 ; in motion, enei^ of, 3S9 ; 
between 0° and 4°C becomes 
lowered in temperature by a 
sudden compression, 418. 

Waterston on solar rays, 397. 

Watt on latent heat, 310; steam 
engine, 358- 

Wave-!ergtb. 176. 

Weber, H. F,, on atomic heat of 
carbon, boron, and silicon, 304. 

Wedgwood's pyrometer, 16. 

Weiring in air, corrections for, 
159- 

Weight, standards of, 76, 77 ; of 
a litre of certain gases, 150 ; of 
vapour in air, 158. 

Wells', Dr., law of dew, 353 ; on 
formation of ice at Calcntta, 



as*- 
Welsh, obserrations c 






Wet and dry bulb hygrometers, 
158. 

White plate, li^ht rays from, )l6. 

Wiedemann and Franz on conduc- 
tivity, a 73. 

Williams, Major, experiments on 
freezing of water, 93. 

Winds, trade, 381. . , ,| . 



Wolf on effects of temperalnre on 

capillarity, 171. 
WollastoD on Eolarspectrnm, 336. 
Worcester, Marquis of, conception 

of a steam engine, 355' 
Work done by perfect engines, 

348- 
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Yard, the old standard, 73 ; the 

new, 74. 
Yonng, author of term ' energy,' 
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